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Abstract
The goal of this thesis is to study the relationship between the community structure of marine
microorganisms and nutrient availability. To this end, size spectra of microbes were studied over
a range of nutrient regimes, both natural and manipulated. Three transects in the Atlantic
provided a natural range of nutrient environments, especially because they captured seasonal
variations. The transects encompassed Sargasso Sea, Gulf Stream, and coastal waters, during
winter, spring, and summer. Nutrient regimes ranged from surface waters of the Sargasso Sea
during stratified periods (low-nutrient), to deeply mixed waters in all three regions of the
transects during winter and spring (high-nutrient). Complementing natural variations in
nutrients, two experiments were used to study the effects of enrichment on size structure. An in
situ iron-enrichment experiment conducted in the equatorial Pacific (IronEx II) provided a
unique opportunity to monitor changes in community structure following increased nutrient
availability. In a second experiment in the Sargasso Sea, enrichments with nitrogen and
phosphorus were conducted in bottles, because one or both are commonly thought to be limiting
in this region. In order to carry out the goal of this thesis, which depended on the use of flow
cytometry to characterize bacterio-, pico-, ultra-, and nanophytoplankton, advancements were
made in methods for enumerating a wide range of cell sizes and for estimating cell size from
forward angle light scatter. In addition, because ambient concentrations of inorganic nitrogen
and phosphorus are exceedingly low (<lOnM) in the Atlantic, especially during stratified
periods, low-level determinations of these nutrients were made to compliment the analyses of
community structure. Size structure varied systematically, although not necessarily as a function
of nutrient availability. Two parameters were explored: 1) spectral slope, which indicates the
relative contribution of large and small cells to total biomass, and 2) spectral shape, or adherence
of the spectra to relationships explained by a power law. The relative ranking of the slopes from
specific regions of the transects remained constant throughout different seasons. Shapes ranged
from discontinuous to those which adhered to a power law. It is hypothesized that only
microbial systems with abundant nutrient inputs and, perhaps, reduced grazing pressure, have
smooth spectra whose shapes conform to power laws.
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Introduction
Nutrient limitation of aquatic ecosystems has been the focus of many scientific inquiries
since the late 1800s, essentially marked by Brandt's (1899) application of Liebig's (1855) Law
of the Minimum to marine systems (e.g., Ryther and Dunstan 1971; Eppley et al. 1973; Goldman
et al. 1979; Hecky and Kilham 1988; Howarth 1988; Cullen 1991). The supply of nutrients to
the local environment of marine microorganisms can occur by large-scale processes, such as
eddy diffusion or upwelling, or by localized processes, such as the flux of regenerated nutrients
from a zooplankton grazer. On a micro-scale, Munk and Riley (1952) first proposed that growth
rates could be limited by an inadequate diffusive flux of nutrients from the bulk water to the cell
surface, a process known as diffusion limitation.
Conventional wisdom indicates that the predominance of large or small phytoplankton
cells can be explained by nutrient concentrations. Large cells, such as diatoms, are observed to
dominate on a biomass basis in high nutrient areas, while small cells, such as cyanobacteria,
dominate in oligotrophic waters of the world ocean. Diffusion limitation can be invoked to
explain these distributions based on nutrients, because small cells have higher surface area to
volume ratios, which makes them less likely to be diffusion limited at low ambient nutrient
concentrations (e.g., Pasciak and Gavis 1974; Morel et al. 1991; Hudson and Morel 1990;
Chisholm 1992). However, there are alternative explanations which would explain the observed
pattens in the abundance of large and small cells. For example, some diatoms exhibit
exceptionally high maximum growth rates (Chisholm 1992), which might allow them to take
advantage of high-nutrient conditions; the abundance of small cells is often tightly controlled by
small, fast-growing grazers (e.g., Landry et al. 1997; Caron et al. 1999). Thus, a complex series
of interactions may lead to the size distributions which are observed for marine microorganisms.
The size structure of microbes impacts organisms on higher trophic levels, even though
interactions between trophic levels do not follow the strict model of a linear food chain
(Pomeroy 1974). In fact, the microbial community can be thought of more as a web of
interactions, in which there is no direct path for energy flow to higher trophic levels. Because of
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the circuitous path in which energy flows, microbial communities are often referred to as the
microbial loop (Azam et al. 1983).
Interest in community structure in the marine environment, and in ways to represent this
structure, was traced back to Elton (1927). Sheldon et al. (1972) were the first to supply an
image of size distributions, or spectra, of plankton across a wide expanse of the world ocean. In
spite of methodological limitations which prevented them from characterizing just the living
component in their samples, they put forth the Linear Biomass Hypothesis, which states that the
amount of biomass in equally-sized logarithmic size classes remains constant-from bacteria to
whales. This hypothesis, promoted before the microbial loop was envisioned, provided a
provocatively simple image of community structure, and it provided a means for predicting fish
stocks, for example, given the biomass of plankton (Sheldon et al. 1977). Since then, numerous
tests of this hypothesis have been undertaken using increasingly more refined methods.
Specifically, microscopy replaced the Coulter Counter, which was used by Sheldon et al. (1972),
in order to exclude detritus from size spectra (e.g., Rodriguez and Mullin 1986; Sprules et al.
1991; Ahrens and Peters 1991; Gaedke 1992; Quifiones-Bergeret 1992; Ruiz et al. 1996; Tittel et
al. 1998). Improved methods for representing spectra have been advanced (Platt and Denman
1977; Blanco et al. 1994; Vidondo et al. 1997), and flow cytometry, which has the ability to
characterize cells more rapidly than microscopy, has been used recently to generate size spectra
(Li 1994; Gin 1996; Gin et al. in press). The largest obstacle facing the use of flow cytometry, is
that these instruments do not measure size directly, and cell size must be estimated based on
measurements of light scatter (Ackelson and Spinrad 1988; DuRand 1995; Dusenberry 1995; Gin
1996; Gin et al. in press).
The goal of this thesis is to characterize community structure of marine microorganisms
over a wide range of nutrient regimes in order to understand the relationship between size
structure and nutrient availability. Observations were made across natural gradients in nutrients
as well as during experimental manipulations of nutrient regimes. Of the many factors which
may influence community structure, nutrients were selected for their universal role in the growth
of microorganisms, and because diffusion limitation would be a plausible explanation for
changes in community structure along gradients in nutrients. Three transects within the Atlantic
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Ocean were designed to provide the maximum variation in ambient nutrients. Two seasonal
transects, one each during summer and winter, were used to contrast relatively low- and high-
nutrient periods, respectively. A third transect conducted during spring, which featured high
spatial resolution, captured both oligotrophic and high-nutrient (i.e., during the spring bloom)
periods in the Sargasso Sea on the same cruise.
An iron-enrichment experiment (IronEx II) in the equatorial Pacific (see Chapter 4, Coale
et al. 1996b)-only the second such experiment to be done in situ-provided an unique
opportunity to study the effect of elevated nutrient supply on microbial size spectra. Iron has
been the focus of investigations in this high nutrient, low chlorophyll (HNLC) region of the
world ocean because natural inputs are small, and iron additions to bottle incubations in HNLC
regions have resulted in heightened phytoplankton biomass (e.g., Martin and Fitzwater 1988;
Coale 1991; Buma et al. 1991; Takeda and Obata 1995; Boyd et al. 1996; Coale et al. 1996a;
Zettler et al. 1996). In the Sargasso Sea, nitrogen or phosphorus are commonly thought to
control microbial growth (e.g., Graziano et al. 1996; Cotner et al. 1997). Therefore, a bottle
enrichment experiment, which had both N and P additions and was conducted during an
oligotrophic period, provided a glimpse at the effects of a changing nutrient environment on
microbial size structure in this region.
In order to facilitate the study of community structure using size spectra, improved
protocols for characterizing small and large cells (Chapter 2) and for estimating cell size
(Chapter 3) were developed. The lack of nutrient data for much of the euphotic zone in the
Sargasso Sea has prevented the correlation between parameters of size spectra and nutrient
concentrations for this region (e.g., Gin et al. in press). Thus, inorganic nitrogen and phosphorus
were determined at levels below 10 nM (Chapter 5) in order to enable a more complete analysis
of changes in community structure as a function of nutrient regime (Chapter 6).
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A dual sheath flow cytometer for shipboard analyses of phytoplankton communities
from the oligotrophic oceans
Abstract-Flow cytometry has been used to study phyto-
plankton since the early 1980s. Because of the wide range of
cell sizes and concentrations that occur in natural samples,
multiple instrument configurations have been required to char-
acterize pico-, ultra-, and nanophytoplankton. Lengthy change-
over times between configurations have made synoptic anal-
yses of phytoplankton communities extremely cumbersome
and therefore rare. To overcome this problem, we have added
dual-sheath capability and adjustable optics to a commercially
available flow ytometer. These additions expand the instru-
ment's capabilities during routine operation. The dual-sheath
cytometer can characterize both the submicron picoplankter
Prochlorococcus at sample flow rates of 10 L min-' and, after
a -min changeover, ultraphytoplankton and nanophytoplank-
ton at sample flow rates >1 ml min-'. These capabilities make
possible real-time analysis of phytoplankton size spectra at
sea.
Flow cytometers can be used to characterize single phy-
toplankton cells in terms of forward-angle light scatter
(FALS) and autofluorescence parameters, which are related
to cell size (Van de Hulst 1957; Ackelson and Spinrad 1988)
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Fig. 1. Schematic representation of single- and dual-sheath flow systems. (a) Typical single-sheath flow system for picophytoplankton
analyses. Samples are introduced via the sample necdle and hydrodynamically focused by the sheath fluid stream after entering the square
flow cell and before passing the excitation beam. (b) For analyses of larger ultraplankton and nanoplankton, the small-diameter sample
needle is replaced with a larger one to achieve high sample flow rates. Heavy dashed lines in the top views of (a) and (b) denote the width
of the laser beam as it is focused on the sample core-see text for dimensions. (c) Sketch of the standard single-sheath flow system. (d)
The dual-sheath flow system in picoplankton mode using primary (1°) and secondary (2°) sheaths to produce a stable sample core for
picoplankton analyses. (e) Dual-sheath flow system in ultraplankton and nanoplankton mode with the sample irutd via i.he 2' sheath
inlet, while the 1° needle is blocked off. The laser beam is omitted from (d) and (e) for clarity; however, i is identical to t'at shown in
(a) and (b), respectively. (f) Sketch of actual dual-sheath flow system with a Biosense flow cell (Coulter) attached. Note: the picoplankton
and ultra- and nanoplankton samples are derived from the same seawater sample and differ only in their introduction rates. The scale in
schematics is exaggerated for clarity.
and pigment concentration (Sosik et al. 1989; Li et al. 1993;
Jonker et al. 1995), respectively. This technology has been
used for a variety of applications in oceanography (e.g., O1-
son et al. 1985; Ackelson and Spinrad 1988; Chisholm et al.
1988; Neale et al. 1989; Perry and Porter 1989; Robertson
and Button 1989; Sosik et al. 1989; Olson et al. 1990a,b;
Orellana and Perry 1992; Li 1994b; Li 1995; Vaulot et al.
1995; Binder et al. 1996; Graziano et al. 1996) since its
introduction to the field 15 yr ago (Olson et al. 1983;
Yentsch et al. 1983). Confronted with heterogeneous
mixtures of plankton cells, oceanographers continually strive
to push the limits of commercial instruments, which are de-
signed for biomedical research involving homogeneous cell
suspensions. However, much of the research to date has been
dictated by what the instruments can analyze rather than
what the investigator wants to analyze.
In a flow cytometer, cell suspensions are hydrodynami-
cally focused by a particle-free sheath fluid. which creates
an annulus of sheath surounding a circular sample core (Fig.
la). The light collection optics are in line with the axis of
the excitation light for FALS and orthogonal to that axis for
autofluorescence. The excitation light and light collection
optics are focused to the same point. Light pulses from i-
dividual cells are amplified and converted to digital signals
for further processing via computer. For peak performance,
the flow system, light source, optics, and electronics must
be optimized to match the properties of the cells being stud-
ied-clearly a challenge when one is analyzing a heteroge-
neous mixture of phytoplankton.
One of the major analytical challenges for oceanographers
using flow cytometry is the wide range of cell sizes and
abundances that occur in natural phytoplankton communi-
ties. The small end of the spectrum is defined by the sub-
micron picoplankter Prochlorococcus, which can reach con-
centrations >105 cells ml- ' (Olson et al. 1990a; Binder et
al. 1996). These cells are typically just below the limit of
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detection of commercially available flow cytorleters in terms
of both FALS and autofluorescence. The upper end of the
size spectrum cannot be defined in terms of a particular type
of cell but instead is set by the rarest species in the sample
collected. Because phytoplankton abundances are typically
inversely related to cell size (Chisholm 1992; Kiorboe 1993),
the rarest species is also usually the largest. In a 50-ml sam-
ple, cells can be enumerated eown to concentrations of about
25 cells ml - ' by flow cytometry (Olson et al. 1993). For
comparison, this is roughly the concentration at which dia-
toms, 5-20 pm in their longest dimension, are found in the
tropical Pacific (Chavez et al. 1996).
The analysis of any cell type requires a careful balance
between sensitivity and particle count rate, which are inter-
related and dependent on cell size and concentration; there-
fore, tradeoffs are necessary when setting up a flow cyto-
meter for phytoplankton analyses. In order to detect
autofluorescence and FALS signals under all conditions from
the smallest picoplankter, Prochlorococcus, the sensitivity of
commercially available instruments must be improved by re-
ducing both sheath velocity (<10 m s- ') and sample flow
rates (-10 pd min-') and increasing excitation intensity
(e.g., Frankel et al. 1990; Olson et al. 1990a; Dusenberry
and Frankel 1994). As a result, count rates are typically in
the range of 20-100 counts s-'. In order to achieve a rep-
resentative sample size of the generally less numerous pi-
coplankter, Synechococcus, samples must be run for 10-15
min.
Using these modified, high-sensitivity systems to enumer-
ate large, rarer nanoplankton is not possible because of op-
tical and count rate limitations. An elliptical spot is typically
used to analyze larger cells, since the spot should be at least
six times the width of the largest cell for even illumination
(Shapiro 1995). High-sensitivity systems use a circular laser
beam spot of about 20 m, which is unsuitable for larger
nanoplankton because they are about the same size. An ad-
justable laser-focusing system (as described by Dubelaar et
al. 1989) would alleviate this particular conflict, but low
count rates of the rarer cells would cause unrealistically long
sample run times. Count rates can be increased somewhat
by increasing the sheath flow rate, which controls the sample
velocity. However, an increase on the order of 100- to 1,000-
fold would be necessary for cells with a concentration of 25
cells ml-'. Acceptable count rates of these rare cells can only
be achieved by increasing the sample flow rate itself, which
increases the diameter of the sample core (compare Figs. a
and b). To this end, Olson et al. (1993) used a wide sample
inlet needle on an EPICS V cytometer (Coulter) so that
large-volume samples (e.g., 50 ml) could be rapidly pro-
cessed at sample flow rates >1 ml min-'. However, the nar-
row sample core necessary for picoplankton analyses cannot
be established using such a wide sample needle, and chang-
ing to a smaller needle is very cumbersome.
The European Optical Plankton Analyzer (EurOPA) and
its predecessor, the Optical Plankton Analyzer (OPA), were
designed to address some of these challenges (Dubelaar et
al. 1989; Jonker et al. 1995). They are capable of sample
flow rates spanning at least four orders of magnitude, but
their flow cell design and optics are optimized for detecting
large chain-forming cells. They can analyze 1-2 mun Syne-
chococcus cells (Jonker et al. 1995), but not the smaller pi-
coplankter Prochlorococcus, which is a dominant feature of
the oligotrophic oceans (Chisholm et al. 1988; Olson et al.
1990a; Shimada et al. 1993; Campbell and Nolla 1994; Li
1995; Binder et al. 1996).
To date, the two modifications that optimize commercial
flow cytometers for analyzing either small, abundant pico-
plankton (small laser spot with low sample flow rate) or
large, rarer cells (wide laser spot with high sample flow rate)
have been incompatible on a single instrument setup. In or-
der to analyze the entire phytoplankton community in a sin-
gle sample, a lengthy changeover of the flow system and
optics is required. Thus, the need to minimize the time be-
tween collection and analysis has precluded real-time pico-,
ultra-, and nanophytoplankton analyses at sea using a single
flow cytometer. To overcome this limitation, we have mod-
ified an EPICS V flow cytometer to include a dual-sheath
flow system capable of sample flow rates spanning five or-
ders of magnitude and with optics suited for detecting both
large and small cells. Only 1 min is required to switch be-
tween low and high flow settings, enabling us to collect data
on picophytoplankton through nanophytoplankton at sea
(Cavender-Bares et al. in press). Here we describe the design
and compare its performance to a standard high-sensitivity
picophytoplankton configuration (Olson et al. 1990a). Be-
cause the new design preserves the modifications made by
Olson et al. (1993) for analyses of large sample volumes,
we do not evaluate that aspect of the instrument's perfor-
mance here.
A second sheath (e.g., Eisert et al. 1975) was employed
to create a flow system flexible enough to produce stable
sample flow rates from as low as 1 .1 min- to >5 ml min-'.
In the typical single-sheath system, sample inlet needles of
different sizes must be used to provide low (10 A.l min-';
Fig. la) and high (>1 ml min-'; Fig. lb) sample flow rates,
a changeover that cannot be done routinely. The addition of
a second sheath (Fig. Id) allows a low sample flow rate
through a secondary (2°) needle; picoplankton samples are
hydrodynamically focused first upon entering the primary
(1°) needle and then again upon entering the flow cell. The
end result is a sample core surrounded by two concentric
annuli of sheath fluid. This setup maintains the capability for
high sample flow rates via the 1° needle directly. That is,
ultraphytoplankton and nanophytoplankton samples can be
introduced through the 2° sheath inlet (Fig. le), thereby cre-
ating an analog to the single-sheath configuration shown in
Fig. lb. As shown in Fig. le, the abundant picophytoplank-
ton are present in large-volume samples; however, they can-
not be accurately enumerated because the wide sample core
prevents them from passing single file through the flow cell.
Because of their weak FALS and autofluorescence signals at
the lower excitation intensities used in this mode, the pico-
phytoplankton do not confound signals from the larger cells.
The modified flow cell assembly (see Fig. If) was con-
structed from two flow chamber bodies and an extra sort tip
(parts associated with the original EPICS V), the standard
EPICS sample needle for the 2° needle, a large diameter 1°
sample needle (1.2 mm internal diameter), and a Biosense
quartz flow cell (Coulter). Separate 1° and 2 sheath tanks
and the necessary valves and controls were added to the
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Fig. 2. A comparison of two parameter scatterplots for Pro-
chlorococcus at different depths for single- -nd dual-sheath flow
cytometer configurations. Samples (50 ml) were collected at local
noon on 28 May 1995 at 4°14'S, 104°57'W in the equatorial Pacific
and preserved in 1% gluteraldehyde (Vaulot et al. 1989). Each sam-
ple was later thawed, divided into six aliquots, and refrozen in liquid
nitrogen. Three aliquots were analyzed on each instrument config-
uration with calibration microspheres (denoted as "beads") added
(0.47 an; Polysciences).
EPICS V in order to allow low sample flow (dual-sheath
operation) or standard high flow (single-sheath operation) for
the analysis of picophytoplanlcton and larger ultraphyto-
plankton and nanophytoplankton, respectively. A positive-
pressure differential of <13.8 kPa (2 psi) was used to inject
the 2 sheath into the 1 sheath operating at 82.7 kPa (12
psi); a syringe pump (Model HA, 22, Harvard Apparatus)
was used for sample introduction.
40
60
cell 1
1.6
Fig. 3. Quantitative comparison of raw data shown in Fig. 2
for Prochlorococcus in terms of cell concentration, FALS, and red
fluorescence. Each symbol represents the average (SD) of three
aliquots derived from the same 50-ml sample.
Two focusing configurations of the excitation beam are
used to detect both small and large cells. As introduced by
Dubelaar et al. (1989), we combined a spherical achromatic
lens with a moveable, long focal l;ngth, cylindrical lens to
produce two different spot sizes. For picophytoplankton
analyses, the 488-nm beam produced by the Innova 90 laser
(1.5 mm diameter; Coherent) is focused by a 40.5-mm spher-
ical achromatic lens (Melles Griot) to produce a 17-aLm-di-
ameter spot size (as in Fig. la). For nanophytoplankton anal-
yses, a 150-mm cylindrical lens (Newport) is moved via a
precise sliding stage into the path of the beam at a position
of 150 mm from the back focal plane of the 40.5-mm ach-
romat. This arrangement produces an elliptical spot 400 Irm
wide and 17 gum high for the analysis of these larger cells
(see Fig. lb and Dubelaar et al. 1989).
To test the performance of the dual-sheath system for
Prochlorococcus analyses, we compared replicate samples
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Fig. 4. Typical output from dual-sheath flow system. Lower
scatterplct was measured in picoplankton mode (see Fig. d), and
the upper scatterplot includes the populations measured in ultra- and
nanoplankton mode (see Fig. le). Populations of Prochlorococcus
(Pro) and Synechococcus (Syn) are distinct in the lower frame. The
phytoplankton in the ultraplankton and nanoplankton groups ("Ul-
tra" and "Nano") are completely visible in the upper panel. This
sample contained significant numbers of pennate diatoms that, due
to their shape, have a unique signature (Olson et al. 1989). Frames
were merged together for this illustration by superimposing Syne-
chococcus populations from each instrument mode. Different sam-
ple volumes for each mode are represented (2 ml and 0.1 ml for
upper and lower panels, respectively) so that the less abundant cells
in the upper panel would be clearly visible. See Gin (1996), for
example, for a discussion of a more accurate merging protocol. Two
populations of fluorescent microspheres ("beads") added to sam-
ples for intersample comparisons are denoted (0.47 and 2.02 Am;
Polysciences). Data were collected at sea in the equatorial Pacific
(depth, 10 m; 5 June 1996 at 534'S, 106°51'W) inside an iron-
enriched patch of surface water (Coale et al. 1996). Note that red
fluorescence values for Synechococcus are qualitative because of
possible spillover of orange fluorescence (from phycoerythrin) into
the red fluorescence signal.
using the standard high-sensitivity configuration that uses a
single sheath (as described by Olson et al. [1990a] with a
40.5-mm spherical lens and a 488-nm laser operating at 800
mW; see Fig. la) and the dual-sheath system (Fig. ld). The
raw data from a station in the equatorial Pacific are shown
in Fig. 2, in the form of two-dimensional scatterplots. The
separation of Prochlorococcus from the noise-in terms of
both FALS and red fluorescence-is adequate for both con-
figurations, which allows accurate characterization at each
depth. Indeed, replicate samples analyzed on both instrument
configurations show excellent agreement in terms of cell
number, mean red fluorescence per cell, and mean FALS per
cell (Fig. 3).
This dual-sheath system has enabled us to collect data
rapidly over a wider range of size classes-including the
picophytoplankton-than previously possible using a single
instrument at sea. Figure 4 depicts typical data collected with
the dual-sheath system, highlighting its ability to span the
pico-, ultra-, and nano-size classes. Moreover, because these
size classes can be analyzed rapidly back to back on un-
preserved samples, the dual-sheath flow cytometer has fa-
cilitated the shipboard collection of data necessary for con-
structing phytoplankton size spectra (Yentsch and Phinney
1989; Chisholm 1992; Li 1994a). Such spectra are enhanced
by the inclusion of heterotrophic bacteria (e.g., Quifiones-
Bergeret 1992; Gin 1996), now a straightforward process
with the recent introduction of DNA stains that are excited
at 488 nm (e.g., SYBER Green I; Molecular Probes) and are
suitable for enumerating these cells (Marie et al. 1997). Such
analyses eliminate the need for complicated dual-beam ex-
citation, which is necessary with ultraviolet-excited DNA
stains (Monger and Landry 1993; Binder et al. 1996). Fi-
nally, the extremely low sample flow rates (5 /.l min- ') nec-
essary for these analyses because of high cell concentrations
(>105 cells ml-') are possible on this dual-sheath system
with no further modifications.
Kent K. Cavender-Bares
Sheila L Frankel
Sallie W. Chisholm'
Ralph M. Parsons Laboratory
48-425 Massachusetts Institute of Technology
Cambridge, Massachusetts 02139
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Chaptr 3
Estimating phytoplankton cell size using flow cytometry
Kent K Cavender-Bares
Sallie W. Chisholm
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ABSTRACT
Size spectra provide a means for representing the distribution of microbial plankton in a synoptic
manner, which is taxon-independent. In order to use flow cytometry to construct size spectra, it
is necessary to convert light scatter signals to cell volume. In the past, methods to do this have
relied on experimental calibrations using laboratory cultures. In an effort to use field samples for
the calibration process, we have developed a protocol for creating an instrument calibration. It is
based on the sorting capability of flow cytometers and cell sizing using the Coulter Counter.
Using this method, a calibration curve has been constructed using a range of field populations
from Prochlorococcus up to cells having a diameter of about 5 im. We have compared the
calibration data to previous methods and find good agreement.
30
INTRODUCION
Flow cytometry provides a means for enumerating and characterizing hundreds of
phytoplankton cells per second and has, for this reason, gained appeal over more time-intensive
analyses of microorganisms such as epifluorescent microscopy. Its introduction to oceanography
(Yentsch et al. 1983; Olson et al. 1983) led to the characterization of the picoplankter
Prochlorococcus (Chisholm et al. 1988), has deepened our understanding of the distribution and
ecology of several different phytoplankton groups (Vaulot et al. 1990; Olson et al. 1990b; Olson
et al. 1990a; Li et al. 1993; Campbell et al. 1994; Li 1994; Li 1995; Vaulot et al. 1995; Binder et
al. 1996; Reckermann and Veidhuis 1997), and has been a valuable tool for following the
response of specific phytoplankton groups during enrichment experiments (e.g., Price et al.
1994; Zettler et al. 1996; Graziano et al. 1996; Timmermans et al. 1998; Cavender-Bares et al.
1999).
Light scatter and pigment autofluorescence are regularly used qualitatively in order to
separate phytoplankton groups from each other. For example, Synechococcus displays orange
fluorescence, which results from autofluorescence of phycoerythrin; the orange fluorescence
signal is used to distinguish this picoplankter from Prochlorococcus, which lacks orange
fluorescence. Similarly, Synechococcus is distinguished from the typically larger
ultraphytoplankton because these cells also lack orange fluorescence. Light scatter is a necessary
parameter to distinguish groups within the ultra- and nanoplankton size range (e.g., Zettler et al.
1996). Pennate diatoms, because of their elongated shape, have a characteristic forward angle
light scatter (FALS) signal which is much lower than more spherical cells of similar volume, and
they can be distinguished due to their low ratio of FALS to red fluorescence (Olson et al. 1989).
The utilization of both fluorescence and light scatter signals allows the distinction between dual
populations of Prochlorococcus (e.g., Moore et al. 1998). Beyond the use of these signals to
make qualitative distinctions, quantitative characterization of phytoplankton cells is not
straightforward (Ackelson and Spinrad 1988; Neale et al. 1989; Sosik et al. 1989; Perry and
Porter 1989; Robertson and Button 1989; Olson et al. 1995; Robertson et al. 1998).
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The use of FALS as a proxy for phytoplankton cell size is widespread within the
community of biological oceanographers who utilize flow cytometers, yet the interpretation of
this signal in terms of size is problematic. To date, investigators have relied on empirical
calibrations relating mean FALS of marine algal cultures with their mean Coulter volume (Olson
et al. 1989; DuRand 1995; Gin 1996). These studies have yielded an image of FALS increasing
as a power function of volume (e.g., FALS = aVol). However, at least two power functions or
a polynomial relationship have been required to fit empirical data spanning several orders of
magnitude in volume. Light scattering by particles of varying size and refractive index is
explained by Mie theory (Van de Hulst 1957; Bohren and Huffman 1983), and it has been shown
that the simplified Raleigh-Gans approximation of the light scattering equations can be used to
explain light scatter of small cells such as marine bacteria (e.g., < 0.1 tm3 ) which have
refractive indices close to that of the medium (Koch et al. 1996; Robertson et al. 1998). MlVi
theory has been used in flow cytometry to estimate the refractive index of several marine
phytoplankton via measurements of FALS and light scatter perpendicular to the axis of the laser
beam (Ackelson and Spinrad 1988).
Flow cytometry has been used previously (Yentsch and Phinney 1989; Chisholm 1992;
Li 1994; Gin 1996) as a means for collecting data to construct size spectra of microbial plankton
(e.g., Sheldon et al. 1967; Platt and Denman 1978; Ahrens and Peters 1991; Quifiones-Bergeret
1992; Rodriguez and Mullin 1986; Ruiz et al. 1992). These methods, however, have depended
almost exclusively on calibrations of FALS using laboratory cell cultures. These calibrations
have a limitation because the species represented in culture collections may not be representative
of field populations, and culturing conditions may not accurately simulate the in situ
environment. To improve the accuracy of constructed size spectra, we have sought to calibrate
FALS in terms of cell volume using field populations of phytoplankton rather than laboratory
cultures. Due to the fact that the slopes and shapes of size spectra are significant (e.g., Vidondo
et al. 1997; Tittel et al. 1998), our overall goal was to eliminate as many uncertainties as possible
in the process of converting FALS to cell volume, and thus, increase the reliability of
interpreting spectral shapes. We chose two new field approaches, one based on filter
fractionation and the other based on cell sorting via flow cytometry, to alleviate potential
shortcomings of FALS calibrations which rely on laboratory cultures.
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The first calibration approach was similar to that previously employed to explore the
performance of various filters (Sheldon and Sutcliffe 1969; Sheldon 1972). Using a Coulter
Counter, Sheldon (1972) compared the material passing through a filter to the unfiltered water as
a function of equivalent spherical diameter (ESD). By plotting percent cell retention against
ESD, he found that the ESD associated with 50% retention of material on the filters closely
matched the nominal pore size of membrane filters. Our first method assumes that membrane
filters retain 50% of cells which have an ESD equal to the filter's pore size. Following this
assumption, the FALS value associated with 50% retention was correlated to the nominal pore
size of the filters for a variety of stations in the Atlantic Ocean. In a second approach, we sorted
cells via flow cytometry to produce subsets of field samples which contained only those cells
having FALS signals within a pre-defined, narrow range. The Coulter volumes of these sub-
samples were measured and correlated to their FALS value for a wide range of samples
originating from stations in the Atlantic and Pacific Oceans.
Results suggest that the approach based on sorting has a greater potential for precise
conversions between FALS and cell volume. We found the strongest relationship between these
two parameters for pico- and ultraphytoplankton (< 30 grm3). For larger cells (< 300 pm 3), a well
defined, but different relationship existed between FALS and cell volume. We believe that
preservation effects were more significant for the large cells and were the main reason for the
observed differences in the FALS-volume relationship between small and large cells.
METHODS
Filtered sample collection and processing-Samples for the calibration process based on
size-fractionating sea water samples were collected on two oceanographic cruises from coastal
waters off New England into the Sargasso Sea (Table 1). All samples were prepared at sea with
water collected using conventional Niskin bottles or using a bucket from the side of the ship.
Water samples of about 100 ml were gravity filtered through polycarbonate membrane filters
(Osmonics) with pore sizes ranging from 0.6 to 10 m. These filtrates were analyzed flow
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Table 1: Description of sampling stations for FALS calibration method based on filter factionation
Cruise Date Station Cast Latitude Longitude
( N) (°W)
OC 279 June 1996 n/a bucket
1 3
4 5
8 43
9 77
10 78
12 80
13 81
340 44
39°22
36 21
36° 26
37030
38037
4000
40033
69° 53
70031
69 54
690° 45
69055
70037
70043
70051
Sargasso Sea
shelf waters
Sargasso Sea
Sargasso Sea
Gulf Stream
slope waters
shelf waters
shelf waters
OC 297 Feb. 1997 3 4 35014
5 31 35050
7 35 36°30
8 38 38005
10 40 39050
11 45 40036
63048
61057
65050
67040
70040
7100
Sargasso Sea
Sargasso Sea
Sargasso Sea
Gulf Stream
slope waters
shelf waters
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- -
cytometrically and were compared to unfiltered aliquots of the same sample. FALS distributions
of the filtrate, which were divided into 128 log bins, were divided by the distribution of the
unfiltered water sample. The FALS value at which 50% of the cells were retained on the filter
(FALS50%) was associated with a spherical cell having a diameter equal to the nominal pore size
of the filter (DP,) and an equivalent spherical volume of Ve. This operational definition
relating FALS and Vpo minimized the subjectivity during data analysis and was supported by
the findings of Sheldon (1972). Samples prepared with 1 gm or smaller pore size filters were
preserved in 0.1% glutaraldehyde (Vaulot et al. 1989), and analyzed using a modified EPICS V
flow cytometer (Coulter Beckman; Cavender-Bares et al. 1998) configured to allow high-
sensitivity measurements of picoplankton on land (Setting #1). Samples prepared using filters
with pore size of 1 im or greater were analyzed for ultra- and nanoplankton at sea using the
system set up for large sample volume analyses (Setting #2; see also below). An assortment of
calibration microspheres (Flysciences) ranging from 0.47 to 10 gm were analyzed on the
instrument regularly to ensure that their relative FALS signals did not change day-to-day,
thereby confirming that the geometry of FALS collection had not changed significantly.
Calibration byflow cytometric sorting and Coulter volume sizing-Samples were
collected on several cruises in both the equatorial Pacific and Atlantic oceans (Table 2). In
addition to sampling in situ planktonic communities using conventional Niskin or Go-Flo bottles
or via the ship's flow-through sampling system, samples were also collected from nutrient
enrichment studies. Samples were preserved in 0.1% gluteraldehyde (Vaulot et al. 1989), frozen
in liquid nitrogen initially, and then moved to -80'C storage after several months. Samples were
thawed in a 37°C water bath no more than 30 minutes prior to analysis. Samples were
introduced via a syringe pump (Model HA 22; Harvard Apparatus) into an EPICS V (Beckman
Coulter) flow cytometer. Low sample flow rates (10 ji1 min-') were achieved using the standard
EPICS sample injection tube, while high sample flow rates (1 ml min' 1) were possible using a
large diameter sample injection tube (1.2 mm I.D.; Cavender-Bares et al. 1998).
The flow cytometer was configured in sorting mode with a quartz sort tip, and a 5 W
argon-ion laser (Innova-90; Coherent) providing 800 mW of 488 nm light. FALS signals were
scattered light which passed beyond a wide horizontal obscuration bar, were focused by the
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Figure 1:
Representative two-parameter scattergrams of flow cytometry data under sorting
conditions. (A) Red fluorescence (Red FL) v. forward angle light scatter (FALS)
for the high-sensitivity sorting protocol. A partial population of Prochlorococcus
and an entire populations of Synechococcus and the ultraplankton were visible,
and are shown relative to 2.02 gim beads. (B) Typical sort regions for
Prochlorococcus and Synechococcus populations; cells falling within these
regions would be sorted into separate tubes. (C) Scattergram for the lower-
sensitivity sorting setup, with ultra and nanoplankton as well as pennate diatoms
visible, again shown relative to beads. (D) Typical sort regions for ultra- and
nanoplankton populations.
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standard EPICS optics, then passed through a filter which permitted only vertically-polarized
light to pass (which was the polarization of the laser beam), and were detected by a photo
multiplier tube. A Cicero system (Cytomation) was used for signal processing and control of
sorting. Three-droplet sorting was used under purify mode which reduced the number of cells
sorted yet increased the purity of the sorted sample. Two-dimensional regions from which the
sort logic was controlled were constructed such that they delineated narrow ranges in FALS and
wide ranges in cellular fluorescence (Fig. 1).
Typically, sort regions were confined to a single population (e.g., Synechococcus) as
defined flow cytometrically in order to provide a means for discerning any inter-population
differences (Fig. lb.D). We use the terms ultra- and nanoplankton to classify the two subgroups
that typically are discernable within the larger phytoplankton (Fig. 1C), but stress that these
classifications are operational and confer only relative sizes to the groups (Zettler et al. 1996;
Cavender-Bares et al. 1999). We were unable to resolve the entire Prochlorococcus population
(Fig. 1A) due to the lower fluorescence sensitivity of the sort tip used here compared to that of
the flow cell with an integrated lens for fluorescence detection typically used for picoplankton
analyses (Cavender-Bares et al. 1998). Approximately 10,000 cells were sorted into filtered sea
water and sized within 15 minutes (see below). In some cases--especially for sorting of
Prochlorococcus and Synechococcus-pre-concentration was required prior to sorting since very
low sample flow rates (10 pl1 min-') necessary for accurate measurements of FALS prevented
10,000 cells to be sorted in a reasonable amount of time. In these cases, cells from three 50-ml
samples were collected on a 0.4 micron membrane filter (Poretics) using gentle vacuum (5
inches Hg) to the point where the filter remained moist; the material retained on the filter was
then re-suspended in 1 ml of filtered seawater and subjected to the sorting protocol as described
above.
Sub-samples which had been sorted flow cytometrically, were sized using a Coulter
Counter (Model ZM with Channelizer 128; Beckman Coulter). The instrument was calibrated
using calibration microspheres (Polysciences) of similar size to the cells of interest. The mode of
data collection termed "edit mode" was used which eliminates signals resulting from cells which
do not pass through the center of the aperture orifice. Since smaller aperture sizes permit higher
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sensitivity sizing, but have reduced sample flow rates, apertures of 14, 30, and 50 gim were
selected to balance sensitivity and flow rate. In order to count and size a similar number of cells
for each aperture tube, cell concentration needed to be increased as aperture size was reduced.
This was achieved in part by utilizing smaller sample cuvettes for the smaller aperture sizes. The
cut-off end of a test tube with a slightly larger diameter than that of the aperture tube worked
well to minimize sample volume required for the smaller aperture diameters. Size distributions
of cells were collected on the Channelizer and transferred to a PC for statistical calculations.
Studies designed to verify the sorting capability of our system indicted that, when re-run
through the flow cytometer, cells did not fall exclusively within the original sort region (see
Appendix B), but rather displayed some dispersion around a mean centered close to the mode
FALS of the cells in the original sort region. For this reason, the mode FALS and the mean
Coulter volume of sorted populations are reported here.
RESULTS
Calibration based onfilterfractionation-Samples used for this calibration were drawn
from a variety of oceanographic regimes (Table 1) because we intended to analyze size spectra
from all of these regions. While a clear relationship between FALS50% and Vpore xists (Fig.2),
the high variability limits the confidence one would have in predicting volume from a given
FALS signal. For example, a FALS signal of 3 units (relative to 2.02 Am beads) could
correspond to cells ranging over more than an order of magnitude in volume. For a given water
sample, however, repeatability of this method was very good (Fig. 2A, inset) and cannot be used
to explain the variation in this combined data set. A second problem is that a clear discontinuity
exists in the relationship between FALS5o% and Vpore at the juncture between the two instrument
settings. This has been seen previously (Gin 1996) and may be an artifact of merging data from
two different instrument settings.
Flow cytometric sorting and cell sizing-A range of community types was used for the
calibration based on sorting and sizing (Table 2), including the Sargasso Sea, the Gulf Stream,
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coastal waters, the equatorial Pacific, and samples derived from enrichment studies. Calibration
data spanned from mid-way through a typical population of Prochlorococcus (0.1 Im 3) up
through nanoplankton having a volume of about 300 jgm3 (Fig. 3A). A striking feature of the
data is the interface between the ultra- and nanoplankton, where cells from both populations have
similar FALS, yet differ by a factor of two in volume. This discontinuity falls at a different point
in the FALS-volume relationship than does the one from the calibration method based on filter
fractionation (Fig. 2B).
The data in Fig. 3 for Prochlorococcus, Synechococcus, the ultraplankton, and the
smaller nanoplankton covers a size range occupied by the vast majority of phytoplankton
distinguishable in a 50-ml sample from most of the stations listed in Table 2. There were also
special cases, primarily the various enrichment studies, in which larger cells were present in
significant numbers. From these samples we were able to sort from three additional groups:
small and large pennate diatoms; and a population of large spherical cells, which we have
classified as large nanoplankton. As has been shown previously (Olson et al. 1989), both small
and large pennate diatoms form distinct clusters with FALS signals less than would be expected
from volume alone (Fig. 3B). Within the small pennate diatom group, a clear relationship
between FALS and volume is lacking, perhaps because the range of cell volumes measured was
small. Due to the anomalous light scatter values of these irregularly shaped cells, we did not
include the pennate diatoms in the overall calibration derived in this study.
DISCUSSION AND ANALYSIS
The discontinuity in the relationship between cell volume and FALS at the juncture
between the ultraplankton (Fig. 3A) and smaller nanoplankton is problematic. The data suggest
that there is a narrow range of FALS, centered around the value of 1.5 bead units, in which the
relationship between FALS and cell volume breaks down. A similar discontinuity is also
apparent in the FALS to volume relationship of polystyrene microspheres (Fig. 4), which can be
reproduced using Mie theory (Ackelson and Spinrad 1988). This suggests that the discontinuity
seen in our calibration data may be real and explainable by Mie theory. In order to investigate
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this further, we used a program (provided by M. DuRand and R. Greene) which calculates FALS
as a function of particle size and refractive index (m) after the equations of Bohren and Huffman
(1983). The refractive index of polystyrene is typically assumed to be 1.19 (relative to seawater,
or 1.59 relative to air; Ackelson and Spinrad 1988; Robertson et al. 1998). A small change in m
has a large effect on the relationship between volume and FALS (Fig. 4C,D), and we found that a
value of 1.21 provided the best fit to the empirical data (Fig. 4D). While it is not critical to our
overall analysis, it is worth noting that the value of 1.19 for m was measured at a wavelength of
589 nm (Lide 1992), and that m typically increases as the wavelength of light decreases. Thus, it
is possible that an m of 1.21 may be reasonable given the excitation wavelength was 488 nm in
our studies. More importantly, we used the microsphere data to estimate the geometry of the
optics used for collecting FALS, because this parameter was a necessary input to the program. A
range of 3-19° for FALS, in combination with an m of 1.21, provided the best fit to the
microsphere data (Fig. 4D). For our instrument, the manufacturer lists a 2-19° range for the wide
obscuration bar used, however we have widened the original bar slightly, which is consistent
with a decreased angular range of FALS collection. A scattering angle of 3-19° was used for all
further computations based on Mie theory.
We then attempted to replicate the discontinuity seen in the calibration data (Fig. 3A)
using Mie theory. A range of m values typical for marine phytoplankton (1.04 to 1.07; Stramski
and Mobley 1997), nearly accounts for the discontinuity, assuming that the larger cells had an m
of 1.04, while the smaller cells had higher m values (Fig. 5A). If we let m increase beyond the
relevant range for cultured phytoplankton (Fig. 5B), we see that a higher m can also explain the
FALS-volume relationship for the larger cells (e.g., m = 1.19). Hence, the relationship seen in
the calibration data (Fig. 3A) could be explained by differences in m between the ultra- and
nanoplankton groups. We have no measures of m for our samples and cannot rule out
differences between groups. Nevertheless, because measurements were made on preserved
samples, and because calibration data will be applied to samples run live at sea, we should
consider whether the discontinuity might be an artifact of preservation.
Evidence in the literature suggests that flow cytometric characteristics of larger cells,
such as those classified here as nanoplankton, may be poorly retained through the preservation
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Figure 3:
Calibration data from sorting-based method. Cell size as a function of forward angle light
scatter (FALS) for subsamples sorted from preserved field samples (see Table 2). The mean
Coulter volume was plotted against the mode FALS of cells within a sort regions (e.g., Fig.
1B,D). (A) Data for Prochlorococcus through the nanoplankton. (B) Data from pennate
diatoms (large and small) compared with the data from A, which are plotted as small filled
circles.
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Figure 4:
Comparison of Mie theory of light scattering with light scatter measurements by flow
cytometry of polystyrene microspheres, which ranged from 0.47 to 10 gim in diameter (filled
circles). (A-C) Microsphere data with line computed from Mie theory using a refractive
index (m) of 1.19 relative to seawater (1.59 relative to air). Angles of collection for forward
angle light scatter (FALS) were (A) 1-19°, (B) 2-19°, and (C) 3-19°. (D) Microsphere data
with line computed from Mie theory using m = 1.21 relative to seawater (1.62 relative to
air). The absorption of beads was set at 0.035 grm' (changes in this had little effect on the
shape of the curves), and m of seawater was set at 1.34 relative to air.
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Figure 5:
Comparison of Mie theory of light scattering with calibration data based on the sorting
method. (A) Experimental data (filled circles) with lines computed from Mie theory using
three different refractive indicies: 1.04, 1.06, and 1.07 relative to seawater (1.39, 1.42, and
1.43 relative to air, respectively). (B) Experimental data with lines computed from Mie
theory using four different refractive indicies: 1.06, 1.10, 1.14, and 1.19 relative to seawater
(1.42, 1.47, 1.53, and 1.59 relative to air, respectively). In both cases, a scattering angle for
FALS of 3-19° was used for Mie theory calculations.
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Figure 6:
Two-parameter scattergrams of flow cytometry data showing a preservation
effect. Red fluorescence (Red FL) v. forward angle light scatter (FALS) for the
lower-sensitivity sorting protocol showing the ultra- and nanoplankton
populations. A clear shift in the FALS of the nanoplankton relative to the
ultraplankton is visible in the preserved sample. Compared to the calibration
microspheres (2.02 tm) added to both samples, FALS of the ultraplankton
changed little, while that of the nanoplankton population changed by about a
factor of 1.4. The sample came from the IronEx II experiment, cast 288 10m (see
Table 2).
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Figure 7:
Data from Fig. 3 adjusted to account for possible changes in forward angle light scatter
(FALS) which were decoupled from changes in cell volume. The line is that based on
Mie theory with a refractive index of 1.06 assumed for cells (Fig. 5). Axes in B are
switched from A to aid in comparison of these data to those from other investigations
(Fig. 8).
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Figure 8:
Compilation of calibrations of forward angle light scatter (FALS) in terms of cell
volume from several other investigations. In both panels, the computed line based on
Mie theory (Fig. 6) represents this study. Data shown are from: Olson et al. (1989),
unpublished studies of Shalapyonok and Olson, unpublished studies used for the
Coastal Mixing and Optics program (M. DuRand personal communication), and Gin
(1996). Note that FALS values were normalized to the value of a 101m3 cell in order
to compare calibrations from different instruments, and that Olson et al. (1989) data
was illst for cells larger than 10 u m3.
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Figure 9:
Compilation of calibration data resulting from the sorting (filled circles) and the
filter-based (open squares and circles) protocols.
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protocol used (Vaulot et al. 1989; Lepesteur et al. 1993). It is expected that all cells would
undergo some amount of shrinkage following preservation (Verity et al. 1992; Montagnes et al.
1994), which should lead to a concentration of the solid materials in the cell, thereby increasing
the cell's refractive index (Stramski 1999). It is possible that m could have increased beyond the
relevant range for the nanoplankton. Using the same preservation protocol as was used here,
Vaulot et atl. (1989) observed an increase in the refractive index of the cell wall of a marine
dinoflagellate, indicating that changes in m might be decoupled from changes in cell volume
following preservation. Thus, it is plausible that m increased upon preservation for all cells and
may have increased due to effects which were decoupled from changes in cell volume for the
nanoplankton. If this could explain the discontinuity, we should be able to see relative changes
in FALS between the ultra- and nanoplankton groups before and after preservation. In fact, we
regularly saw a relative shift in the FALS values of these populations following preservation
(Fig. 6). When compared to the FALS of the calibration microspheres added to each sample, the
shift was usually explained by changes in FALS of the nanoplankton, and not the ultraplankton.
Two possible scenarios, which are not mutually exclusive, remain: (i) m increased as a
result of cell shrinkage, and (ii) either m or cell volume changed independently of the other. We
have no measures of cell volume before preservation, thus we cannot rule out the first scenario.
However, the shift in nanoplankton populations observed (Fig. 6) suggests a role foi the second
scenario. We explored a way to apply a correction to our data assuming that increases in
refractive index, and therefore decreases in FALS, were not matched by equivalent decreases in
cell volume for the nanoplankton.
To do so, we compared the FALS distribution for each sample which had also been
analyzed at sea prior to preservation. This comparison revealed that in many cases the FALS
distribution of the nanoplankton had shifted markedly towards smaller values in the preserved
samples, contrasting with the distributions of the ultraplankton which changed little or not at all
(see Appendix C) . We estimated a factor representing this shift for the entire group and applied
this correction to the data in Fig. 3A in an attempt to correct for changes in FALS due to
preservation. We made these adjustments to the ultraplankton and to both the small and large
nanoplankton, but found that little adjustment was warranted for Prochlorococcus or
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Synechococcus (see Appendix C), resulting in a calibration data set which lacked a discontinuity
(Fig. 7). Added to the adjusted data is a curve based on Mie theory (m = 1.06 from Fig. 5),
which could be used as a calibration curve to represent our data.
Our adjusted calibration data ag., -':ith those found by other investigators (Fig. 8),
suggesting that our adjustment, which took into account only changes in FALS due to
preservation, is reasonable. Aside from Gin's (1996) calibration, all the others resulted from
simultaneous measurements of FALS and Coulter volume for laboratory cultures. In addition,
Koch et al. (1996) estimated that the FALS of bacterial cells in the range of 0.01 to 1 Pm3 should
increase as a 1.33 power of volume, which is in very close agreement with that region of our
calibration data (FALS o (volume)l'). Gin (1996) used culture-based data from DuRand (1995)
for her relationship at large FALS combined with a preliminary calibration based on the same
filter fractionation method used in our study for small FALS values. Gin used an intermediary
line having the same slope as the lower line as a way to deal with the discontinuity between the
two calibration methods (Fig. 8B). Comparing Fig. 8B with Fig. 2B, we see that a discontinuity
is apparent in our calibration data based on filter fractionation. From further comparison of
either of these with the discontinuous data seen in Fig. 3A, it is clear that the location of the
discontinuities arising from the two methods are not similar.
If we re-cast the filter fractionation data from this study with that collected via the sorting
protocol (Fig. 9), the fact that Gin's lowest line in Fig. 8 does not agree with the other
calibrations is understandable. That is, for those filters analyzed on the high-sensitivity settings
(#1), there appears to be a considerable over-estimate of volume for a given FALS. The reverse
is true for the 1 Im pore size filter (V = 0.52 pm3) analyzed on the lower-sensitivity setting
(#2); the explanation for these discrepancies is unknown. For the larger filters, however, the data
consistently fall near or on the predicted Mie theory line.
Given the apparent site-to-site variability and the under- and over-estimation of volume
based on certain filter sizes, we do not recommend the filter-based method as a means for future
calibrations of FALS. We found a strong relationship between FALS and cell volume for
Prochlorococcus, Synechococcus, and the ultraphytoplankton using our sorting-based calibration
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method. After applying a preservation correction to the nanophytoplankton, Mie theory
explained the FALS-volume relationship for our entire data set. Comparison of our overall
relationship to those from other studies suggests that our preservation correction was justified.
Furthermore, good agreement between the theoretical model based on Mie theory, which
represented our data, with the calibration curves from other studies, supports future use of
theoretical relationships between FALS and volume.
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Abstract
Recent unenclosed iron-fertilization experiments in the equatorial Pacific Ocean have shown that phytoplankton
biomass can be increased substantially by the addition of iron. Analyses of size-fractionated chlorophyll indicate that
much of the increase during the most recent fertilization experiment, IronEx II occurred in the >10-/om size fraction.
We used flow cytometry, combined with taxon-specific pigment measurements by high-performance liquid chroma-
tography (HPLC), to analyze the responses of five different groups of phytoplankton: Prochlorococcus, Synechococcus,
ultraplankton, nanoplankton, and pennate diatoms. These results are unique in the suite of measurements from the
IronEx studies in that they simultaneously examine individual cell properties, which are grazer independent, and
population dynamics, which reflect the net result of growth and grazing. Our results show that
the overall increase of chlorophyll a (Chi a) in the patch was due in part to increases in chlorophyll content per cell
and in part to increases in cell numbers of specific groups. Cellular fluorescence was stimulated by iron addition in
all five groups to a qualitatively similar degree and was correlated with taxon-specific changes in cellular pigments.
In terms of net cell growth, however, these groups responded very differently. The groups that dominated the com-
munity before the addition of iron increased at most twofold in cell number;, Prochlorococcus actually decreased. In
contrast, the initially rare pennate diatoms increased 15-fold in number by the peak of the iron-induced bloom. Within
I week, this differential response led to a dramati: change in the phytoplankton community structure, from one
dominated by picoplankton to one dominated by large diatoms. It is not known whether this shift would be sustained
over extended periods of fertilization, a response that would ultimately change the stucture of the food web.
Oceanographers have long been puzzled by the simulta-
neous abundance of macronutrients, such as nitrate and
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phosphate, and the paucity of phytoplankton biomass in the
three high-nutrient, low-chlorophyll (HNLC) regions of the
world ocean: the equatorial Pacific, the subarctic Pacific, and
the Southern Ocean. Early oceanographers noted these
anomalies (Gran 1931; Hart 1934), and many hypotheses
have been offered and debated over the years (see Chisholm
and Morel 1991), the most compelling of which are the
"iron hypothesis" (Martin 1990), the "grazing hypothesis"
(Walsh 1976; Frost 1991), and the unifying "ecumenical hy-
pothesis" (Morel et al. 1991a; Price et al. 1994). The debate
on the iron hypothesis, based largely on iron-enriched "grow
out" experiments (e.g., Martin and Fitzwater 1988; Buma et
al. 1991; Coale 1991; Takeda and Obata 1995; Boyd et al.
237
68
Cavender-Bares et al.
1996; Coale et al. 1996a: Zettler et al. 1996), culminated
with two open-ocean in situ iron-fertilization experiments
(ronEx I and II; Martin et al. 1994; Coale et al. 1996b).
The biological response to added iron during IronEx II,
as indicated by changes in Chli a, exceeded the observed
increase in IronEx I by nearly one order of magnitude (Mar-
tin et al. 1994; Coale et al. 1996b). A large portion of the
response to iron fertilization was due to a bloom of initially
rare diatoms, whose biomass increased 85-fold inside the
iron-fertilized patch (Coale et al. 1996b). Concomitant with
this massive increase in phytoplankton biomass was a draw-
down of roughly 5 M nitrate, attributed almost completely
to cells >5 mun (Coale et al. 1996b). Other changes of bio-
geochemical significance included a decrease in CO, fugac-
ity of nearly 100 /zatm (Cooper et al. 1996), a 3.5-fold in-
crease in dimethyl sulfide production (DMS; Turner et al.
1996), and a 7%v enrichment in the 6 3C of phytoplankton
(Bidigare et al. submitted).
There is evidence that the smaller, initially dominant phy-
toplankton were also stimulated by the iron addition. Using
epifluorescence microscopy, Coale et al. (1996b) found mod-
est increases in cell biomass for the smaller, nondiatom tax-
onomic groups. This analysis did not include the ubiquitous
picoplankter Prochlorococcus, which cannot be resolved
easily using this method. Photochemical quantum efficiency,
the ratio of the quantum yield of variable fluorescence (F,.)
to that of the light-saturated fluorescence yield (F,), in-
creased dramatically in both experiments hours after the ad-
dition of iron (Kolber et al. 1994; Behrenfeld et al. 1996).
Behrenfeld et al. (1996) contend that since F,.IF,, increased
prior to a shift in species composition, all phytoplankton taxa
were physiologically limited by iron-reinforcing the find-
ing of significant increases in F/F, for all size fractions
during IronEx I (Kolber et al. 1994). In addition, results from
bottle dilution experiments (Landry and Hassett 1982) in-
dicate that the net autotrophic growth rate of the phytoplank-
ton community <5 prn in size more than doubled inside the
enriched patch while the microzooplankton grazing rates in-
creased threefold (Coale et al. 1996b) Higher grazing rates
inside the patch and only a modest increase in small phy-
toplankton biomass suggest that all phytoplankton were
stimulated by the addition of iron, but only the initially rare
diatoms escaped grazing pressure and bloomed.
Most of the reports to date use bulk measurements, which
do not distinguish between subgroups, to investigate phy-
toplankton dynamics inside the iron-fertilized patch. We
used analyses of size-fractionated chlorophyll to monitor
changes between large (>10 L m) and small (<10 Ian) size
classes following enrichment. To follow the response of spe-
cific groups of phytoplankton to iron enrichment, we used
flow cytometry, combined with taxon-specific pigment mea-
surements. This allowed us to distinguish between changes
in cell number and cellular chlorophyll since a change in
either would affect bulk chlorophyll measurements. More-
over, flow cytometric analyses provide a measure of cell-
specific responses to iron enrichment, independent of any
changes, or lack thereof, in population numbers. Finally, this
is the first report documenting the response to in situ iron
fertilization of the picophytoplankter Prochlorococcus,
which is typically a large contributor to standing stocks in
the equatorial Pacific (e.g., Binder et al. 1996).
Methods
Iron patch and sampling-IronEx II was conducted be-
tween 29 May and 15 June 1995 starting at 40S, 105°W in
a region with high (ca. 10 a.M) nitrate concentrations (Coale
et al. 1996b). Iron, added as Fe(II) in seawater at pH 2, was
injected into surface waters three times over a 7-d period,
initially forming a 72-km2 patch. The target iron concentra-
tion for the initial fertilization was 2 nM-a 40-fold increase
from the 0.05-nM ambient concentration; the second and
third injections were designed to add another I nM Fe each
(Coale et al. 1996b). A 1,000-km 2 survey of the general
study site was conducted prior to the first iron infusion to
ensure against possible patch subduction, as occurred in
IronEx I (Martin et al. 1994), and to verify that a represen-
tative site was chosen. Stations were occupied daily inside
and outside the patch, although in some cases, only one of
these was possible. All data presented here are from stations
sampled at local dawn to eliminate complications arising
from diel patterns.
Pigments-We used size-fractionated Ch a concentra-
tions to compare broad changes in phytoplankton community
structure in and out of the patch. The fractions were analyzed
in duplicate by parallel filter fractionation, using polycabon-
ate 10-p.m pore-size filters (Poretics) and Whatman GF/F
filters for the total. After extraction in 90% acetone for 24
h, Chl a was assayed fluorometrically (Parsons et al. 1984)
on a 10-AU fluorometer (Turner Designs), which was cali-
brated using extracts of spinach Chl a (Sigma-Aldrich). Chi
a in the >10-pm fraction equaled the material retained on
the 10-/um filter, whereas the <10-zm fraction was the dif-
ference between the total and that retained on the 10-p.m
filter.
Taxon-specific pigments were monitored in whole-water
(bulk) samples to complement the flow cytometry data (see
below). Seawater samples were filtered onto Whatman GF/F
filters, and acetone extracts were then analyzed by HPLC for
chlorophyll and carotenoid quantification (Goericke and Re-
peta 1993). Divinyl chlorophyll a (Chl a2) and fucoxanthin
were used as chemotaxonomic markers for Prochlorococcus
spp. and diatoms, respectively. The sum of 19'-hexanoylo-
xyfucoxanthin, 19'-butanoyloxyfucoxanthin, and peridinin
(HBP) was used as a marker for the group consisting of
pelagophytes, prymnesiophytes, and dinoflagellates (Vesk
and Jeffrey 1987; Wright and Jeffrey 1987; Simon et al.
1994; Andersen et al. 1996). It has been shown that prym-
nesiophytes and dinoflagellates contribute significantly to the
nanophytoplankton (2-20 pim) biomass of the equatorial Pa-
cific (Chavez et al. 1990; Coale et al. 1996b), and it is likely
that the pelagophytes are in the group of eukaryotic pico-
plankton (<2 p.m) termed the "red fluorescing picoplank-
ton" (Chavez et al. 1990; Coale et al. 1996b). Thus, for the
sake of comparison, we have used the HBP sum to represent
the pigment biomass of the ultra- and nanophytoplankton
groups combined (see below). Note that chemotaxonomic
markers for Synechococcus were not measured.
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Fe-stimulated phytoplankton
Flow cytometry-A modified Coulter EPICS V flow cy-
tometet (Cavender-Bares et al. 1998) was used to character-
ize the phytoplankton community in terms of autofluoresc-
ence per cell, which is related to pigment concentration
(Sosik et al. 1989; Li et al. 1993; Jonker et al. 1995), and
forward angle light scatter (FALS) per cell, which is corre-
lated with cell size (Van de Hulst 1957; Ackelson and Spin-
rad 1988). A 40.5-mm spherical lens was used to focus the
488-nm laser beam (Innova 90 at 800 mW; Coherent), either
alone for picoplankton analyses or in combination with a
150-mm cylindrical lens, which was focused on the back
focal plane of the spherical lens, for analyses of larger cells.
These configurations produced a 17-mun circular and a 17-
x 400-lam elliptical laser spot, respectively, for sample il-
lumination within the quartz flow cell. Chlorophyll or red
fluorescence (Red FL) signals passed first through a 488-nm
long-pass filter, then were reflected by a 630-nm short-pass
dichroic filter, and finally passed through a 680-nm band-
pass filter (40-nm bandwidth; Omega Optical). Phycoery-
thrin or orange fluorescence (Orange FL) signals passed
through the 630-nm short-pass dichroic and also through a
515-nm long-pass filter. FALS signals, which passed beyond
a wide obscuration bar and then through a vertical polari-
zation filter, were measured using a PMT (photo multiplier
tube) detector. Log-integrated values were collected for all
three signals. When the range of fluorescence values ex-
ceeded the nominal three-decade range of the instrument, we
employed an extra electronic circuit to expand the Red FL
scale. A subtraction module can be used to subtract elec-
tronically one signal from a second and is typically used to
separate spillover of one signal into a second. Only partial
subtraction of one signal from the other is possible with a
maximum of 50% for those modules associated with the flow
cytometer. Two modules were used in series, and the Red
FL signal from the PMT was split and input as two separate
signals, resulting in a new signal that equaled 25% of the
original Red FL signal. This "reduced" Red FL signal was
used to characterize those cells that were offscale on the
standard Red FL scale.
We are able to differentiate five separate groups of pho-
tosynthetic cells based on their distinct fluorescence and
light scatter signals as represented in Fig. 1. The two cya-
nobacteria Prochlorococcus and Synechococcus are easily
differentiated from each other since only Synechococcus ex-
hibits Orange FL (Chisholm et al. 1988; Olson et al. 1990).
Both cyanobacteria have relatively low FALS signals, which
separates them from the ultra- and nanoplankton. The small-
est ultraplankton are also distinguishable from Synechococ-
cus because of their lack of Orange FL. The ultra- and nan-
ophytoplankton are identified based on their size and
fluorescence characteristics (Zettler et al. 1996), and pennate
diatoms can be identified because they scatter less light than
would be expected for their size because of their long, slen-
der shape (Olson et . 1989; Zettler et al. 1996). Fluores-
cence and light scatter values are reported relative to the
value of calibration microspheres added to each sample (Poly-
sciences; 0.474 and 2.02 pm Fig. 1A,B and C, respective-
ly]). Note that although red fluorescence values are shown
in Fig. 1 for Synechococcus, they are not reported in our
br,
0
FALS
Fig. 1. (A) Flow cytometric scattergra of Prochlorococcus
and Synechococcus, with Red FL plotted against FALS. (B) Orange
FL vs. FALS scattergram showing how Synechococcus are separat-
ed from Prochlorococcus, since the latter do not exhibit Orange FL.
(C) Scattergram showing the larger cells in the ultra- and nano-
plankton and pennate diatom groups. Each dot denotes an individual
cell for a 10-m sample taken on day 7 inside the iron patch. Cali-
bration microspheres (beads) of different sizes were added to each
sample as internal standards: 0.47 /an for A,B; and 2.02 jm circled
in C.
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results since a portion of the orange fluorescence from phy-
coerythrin may also have been detected as red fluorescence.
To put bounds on the sizes of the flow cytometrically de-
termined ultra- and nanoplankton groups, we analyzed ma-
terial that passed through differently sized Poretics polycar-
bonate membrane filters. On day 5 inside the patch, 75% of
the ultraplankton passed through a 2-mun filter, while 95%
passed through a 5-mun filter. On the same day, 50% of the
nanoplankton passed through a 2-mun filter, and >95%
passed through a 10-tun filter. These flow cytometric pop-
ulations do not conform well to the "pico" (<2 upm) and
"nano" (2-20 pun) size ranges as originally defined (Sie-
burth et al. 1978); therefore, our use of "ultra" and "nano"
modifiers in this paper is operational. Determining that 60%
of the pennates passed through a 10-lm filter reveals little
about their dimensions because of their long slender shape
and uncertainty as to how they would pass through a filter.
However, Zettler et al. (1996) found that this flow cytometric
group consisted mainly of cells up to 50 pun in length, in
agreement with microscopic observations during IronEx II,
which found this group included cells up to roughly 60 uan
in length (Tanner pers. comm.).
There is good evidence that flow cytometrically derived
fluorescence per cell is related to pigment per cell for indi-
vidual species (e.g., Sosik et al. 1989; Li et al. 1993; Jonker
et al. 1995; Moore et al. 1995; Moore and Chisholm in
press), and we demonstrate this directly for Prochlorococcus
in this study (see below). This relationship need not be linear,
however, and can be confounded by variations in accessory
pigments and the "package effect" (Sosik et al. 1989). Thus,
particularly for larger cells, equivalent increases in pigment
per cell may not result in proportional increases in Red FL
per cell, thereby limiting quantitative interspecific compari-
sons of cellular fluorescence. The relationship between cel-
lular fluorescence and absolute pigment concentration may
also be influenced by changes in fluorescence yield (Fal-
kowski and Kiefer 1985; Falkowski and Kolber 1995). Since
the addition of DCMU [3-(3, 4-dichlorophenyl)- 1,l-dime-
thylurea] does not affect flow cytometrically derived fluo-
rescence signals except at excitation intensities well below
those used in this study (Xu et al. 1990; Furuya and Li
1992), we do not consider variable fluorescence yield to be
an issue in interpreting our data.
Results and discussion
Size-fractionated Chl a-Total Chl a, a proxy for phyto-
plankton biomass, averaged 0.2 pg liter-' in surface waters
outside the iron-enriched patch (Fig. 2A), a typical value for
the equatorial Pacific (Chavez et al. 1990). After 2 d of iron
enrichment, total Chl a had doubled, and by day 6, it had
increased 12-fold to 2.6 ig liter-' (Fig. 2A,B). Initially, the
phytoplankton community was dominated by cells <10 pun,
which accounted for 90% of the total. By day 6, total chlo-
rophyll in the <10- and >10-pm fractions was roughly
equal inside the patch and had increased 7- and 60-fold,
respectively (Fig. 2AB). The >10-pn fraction rose from 10
to 60% of the total, representing a major shift in community
composition from small to large cells (Fig. 2C). This shift
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Fig. 2. Size-fractionated Chi a - I SD at 15 m as a function
of time over the course of the iron-enrichment experiment (A) Con-
centrations inside the iron-enriched patch (solid symbols and lines)
and outside the patch (open symbols, dashed line). (B) Concenta-
tions measured inside the patch normalized to the average for each
fraction outside the patch. (C) The >1O-tan fraction is shown as a
percentage of the total Chl a inside and outside the patch (symbols
and lines as in A). Days of iron addition are marked with vertical
bands.
is consistent with observations that high total Chl a is ac-
companied by an abundance of large cells (Raimbault et al.
1988; Chavez et al. 1996). Judging from the analysis of ma-
terial passing through filters (discussed in Methods), all of
the flow cytometrically defined groups contributed to the
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<10-mun fraction, while a significant portion of the pennate
diatoms were caught on 10-mn filters, thereby contributing
to the >10-/m fraction.
Flow cytometric pigments-Chlorophyll fluorescence (or
in the case of Synechococcus, phycoerythrin fluorescence)
per cell increased in all groups over the first 7 d of the
experiment (Fig. 3A). The simplest interpretation of these
increases, supported reasonably well by the taxon-specific
pigment data presented below, is that they reflect an increase
in cellular pigment concentration for all groups in response
to iron enrichment, which indicates that all of these groups
were iron limited at the start of the experiment. Such an
interpretation is consistent with what is known about the
physiological responses of phytoplankton when released
from nutrient limitation, since increased cellular Chl a con-
centration is a standard response when phytoplankton are
shifted from nutrient-limited to nutrient-replete conditions
(e.g., Eppley and Renger 1974; Perry 1976). This pattern
has held true in a range of iron-limited phytoplankton cul-
tures (Geider et al. 1993; Trick et al. 1995; Wilhelm and
Trick 1995; Kudo and Harrison 1997; McKay et al. 1997;
Sunda and Huntsman 1997) and can be indicative of the
degree of iron limitation. However, because of the poten-
tially complex relationship between flow cytometrically de-
rived cellular fluorescence and pigment per cell, we cannot
interpret the relatiive magnitude of the fluorescence response
between the groups as a measure of the degree of iron lim-
itation. Further, a change in species composition within a
group over time might influence its mean cellular fluores-
cence-a nuance that would be missed by the process of
averaging. That is, it is impossible to distinguish between
either an entire group, or just a subset of that group respond-
ing to iron, if there is no change in shape of the flow cyto-
metric signature.
Taxonomic marker pigments by HPLC-Pigments that are
indicative of different classes of phytoplankton were mea-
sured over the course of the experiment using HPLC. By
normalizing these pigment concentrations to the cell num-
bers in the different groups defined flow cytometrically, we
used these data to interpret Red FL cell - values and to help
judge how well the pennate diatoms detected by flow cytom-
etry represented the larger diatom community as a whole.
Cellular Red FL values are expected to covary with xantho-
phyll concentrations for the ultra- and nanoplankton and
pennate diatom groups, since they absorb light at the exci-
tation wavelength used in the flow cytometer (488 nm) and
pass energy on to Chl a (Bidigare et al. 1990). In contrast,
Chl a2 was directly compared to cellular Red FL for Proch-
lorococcus, as it is unique to this group. When plotted on a
relative scale, we found that variations in cell-specific pig-
ment concentrations determined for Prochlorococcus and the
ultra- and nanophytoplankton combined (see Methods) fol-
lowed the same patterns as those observed for the corre-
sponding cellular Red FL values (Fig. 4A,B). Calculated cel-
lular Chl a cell-' for Prochlorococcus ranged from 0.2 to
0.9 fg cell-', which is consistent with values measured in
laboratory cultures (Moore et al. 1995; Moore and Chisholm
in press). Because Prochlorococcus uniquely contains Chl
a2, the significant correlation shown in Fig. 4D indicates that
when Chi a2 cell-' doubled, so did cellular Red FL (model
II regression; Sokal and Rohlf 1995). For the ultra- and na-
noplankton, when HBP cell-' doubled, so did Red FL cell -'
(Fig. 4E). Yet, without knowing the relationship between
cellular HBP and Chl a, a strong conclusion about the re-
lationship between Red FL cell-' and Chl a cell- ' cannot be
made for this group. A varying cellular HBP:Chl a ratio
would, for instance, likely cause variation in the relationship
between cellular Red FL and Chl a (Sosik et al. 1989).
To estimate the degree to which the total diatom com-
munity can be represented by our flow cytometric pennate
diatom group, we compared the relative changes in the bulk
concentration of the diatom-specific pigment fucoxanthin
with the relative changes in total pennate fluorescence mea-
sured per liter (Fig. 4C,F). Diatoms as a group were repre-
sented by more than the pennates over the course of the
experiment (Coale et al. 1996b). The largest diatoms, par-
ticularly the chain-forming types, would have been poorly
sampled by flow cytometry. In addition, a second pennate
diatom population, common to iron-enrichment studies (Zettler
et al. 1996), was detected on days 6-8 only. This population
was offscale on the y-axis above the pennate population de-
picted in Fig. C and had a low cell abundance (maximum
= 450 cells ml'), but it had a 10-fold higher mean Red FL
cell-' than the more numerous pennate population. This
ephemeral population was not represented in Fig. 3 because
the cells were undetectable outside the patch, but we do in-
clude it in the bulk Red FL data for Fig. 4. The difference
between the dashed and solid half-tone lines in Fig. 4C in-
dicates the importance of this population to the total Red FL
per milliliter. By day 8, this second pennate population had
waned, and our subsequent flow cytometric analyses clearly
missed a large component of the diatom community, as is
evidenced by the disparity between the bulk concentrations
of Red FL and fucoxanthin (Fig. 4C). For this reason, data
from day 8 were excluded from the regression in Fig. 4E
However, the agreement between pigment and fluorescence
concentrations prior to day 8 (Fig. 4C) confirms that the
pennate diatoms we identified by flow cytometry were the
major contributors to the total diatom assemblage up to that
point.
Individual cell size-Mean FALS per cell, an indicator of
cell size (Van de Hulst 1957; Ackelson and Spinrad 1988),
increased over the first 7 d of the experiment for all groups,
roughly paralleling changes in fluorescence per cell (Fig.
3B). Mean FALS per cell increased more than twofold for
Prochlorococcus and Synechococcus, which corresponds ap-
proximately to a 1.5-fold increase in cell volume for these
species. Similar increases for the ultra- and nanophytoplank-
ton over this same period reflect roughly a twofold increase
in mean cell volume (data not shown; see DuRand 1995;
Dusenberry 1995). The mean FALS per cell for the pennate
diatoms, which could not be calibrated because of the ge-
ometry of the cells (Olson et al. 1989), showed an increase
similar to that of the other populations, but not as pro-
nounced.
Given the simultaneous increase in cellular FALS and FL
in all populations, it is unclear if the response to iron en-
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Fig. 3 Response of different phytoplankton groups to iron enrichment in the patch (solid symbols and lines) relative to outside the
patch (open symbols, dashed lines) as measured by flow cytometric analysis of individual cells. (A) Normalized mean pigment fluorescence
per cell: Orange FL for Synechococcus and Red FL for the other groups; (B) normalized mean FALS per cell; and (C) normalized cell
concentration. All values reported normalized to the average values outside the patch; data points typically represent average mixed-layer
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Fig. 4 (A-C) Phytoplankton pigments in the patch (solid circles
and lines) and outside the patch (open squares, dashed lines) as
measured by HPLC, with corresponding flow cytometry data from
Fig. 3 shown for reference (half-tone lines). (A) Normalized cell-
specific Chi a2 concentration and Red FL for Prochlorococcus. (B)
Normalized cell-specific HBP concentration and Red FL for the
ultra- and nanoplankton combined. In A and B, bulk pigment con-
centrations representative of each of the groups of phytoplankton
were divided by the flow cytometrically derived cell abundances to
yield pigment per cell; they were then normalized to the average
value of 3-, 10-, and 15-m samples outside of the patch (± +1 SD),
as in Fig. 3. (C) Normalized bulk concentrations of fucoxanthin and
red fluorescence (Red FL cell-' X cells liter'); a second dashed
half-tone line added to show the contribution of the numerically
dominant pennate population, whereas the solid half-tone line com-
bines red fluorescence values from this and the far less abundant,
but highly pigmented, pennate population that appeared on days 6-
8 (see text). (D-F) Relationship between HPLC and flow cytometry
data using all of the non-normalized data from (A-C), respectively,
including Model II regression lines (reduced major axis; Sokal and
Rohlf 1995). Note that the data from day 8 (open circles) were
excluded from the regression in E
richment involved an increase in the volumetric concentra-
tion of pigment or whether pigment simply increased in pro-
portion to increases in cellular volume. For all the groups
except Prochlorococcus, the uncertainties involved in con-
verting FL to Chl a and FALS to volume are too large to
distinguish between these two possibilities. Based on culture
studies (Moore et al. 1995; Moore and Chisholm in press)
and the data reported here, we know that the 2.5-fold in-
crease in cellular Red FL for Prochlorococcus over the first
4 d of the experiment (Fig. 3A) corresponded to a 2.5-fold
increase in Chi a2 cell-' (Fig. 4D). Using an empirical cal-
ibration of FALS to volume for this species (data not shown)
and evidence from synchronized populations in cultures and
in the field, where the drop in the FALS signal as cells divide
reflects a halving of the cell volume (DuRand 1995; Dusen-
berry 1995; Binder et al. 1996), we find that over the first 4
d, the 2.3-fold increase in mean FALS per cell for Proch-
lorococcus (Fig. 3B) was associated with a 1.6-fold increase
in mean cell volume. Thus, these data suggest that Chl a,:
volume for Prochlorococcus increased approximately 1.5-
fold inside the patch. That is, Prochlorococcus increased Chl
a2 beyond that which would have been necessary simply to
match increases in cell volume. An levated Chi a,: volume
is consistent with a positive correlation between Chl a:C
and iron concentration observed in iron-limited cultures of
coastal eukaryotic phytoplankton (Sunda and Huntsman
1997) since cell volume and cell C are positively correlated
(Strathman 1967; Lee and Fuhrman 1987; Simon and Azam
1989; Verity et al. 1992). We are currently working to con-
strain the uncertainty in estimates of Chl a: volume for the
other phytoplankton groups based on these flow cytometric
data
Cell number response-In terms of cellular Red FL and
FALS, all of the groups responded to iron enrichment in a
qualitatively similar manner. However, when changes in cell
numbers are considered, dramatic differences between the
groups are apparent (Fig. 3C). The pennate diatoms, which
averaged 140 cells ml-' outside the patch, reached 2,100
cells ml-' inside the patch. Over the first 4 d, their net
growth (reflecting , the rate of cell division, minus cell
losses) was exponential, and they had a net growth rate (/,z)
of 1.0 d- '. There was a distinct increase in ultraplankton cell
numbers inside the patch, but a similar increase was ob-
served outside the patch; thus, the former cannot necessarily
be attributed to iron addition. The nanoplankton, however,
displayed increases in cell number inside the patch by day
3, more than doubled in number by day 4, and then returned
to out-of-patch levels. In contrast, the increase in cell num-
bers of the smaller phytoplankton inside the enriched patch
was modest at best. Relative to unfertilized waters, Proch-
lorococcus cell numbers actually decreased inside the patch.
Using cell cycle analysis, Mann and Chisholm (submitted)
found that . for Prochlorococcus increased approximately
60% inside the patch, which suggests that the decrease in
Prochlorococcus cells inside the patch was due to increased
grazing rates.
Synechococcus cell numbers increased twofold inside the
patch by day 7, but they then quickly receded to match out-
of-patch populations. The majority of this increase occurred
between days 3 and 4, suggesting a rapid decrease in grazing
pressure, an increase in Lp, or both. Rue and Bruland (1997)
found increased production of an organic ligand capable of
binding iron shortly following iron enrichment. Synechococ-
cus is known to produce such ligands in culture, apparently
to maintain high growth rates at very low iron concentrations
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(Wilhelm et al. 1996). Production of siderophores by Syne-
chococcus would increase their access to the iron pool and
could therefore be viewed as a signal that Synechooccus
responded to the iron addition much as if it were an aeolian
deposition event. Speculating one step further, if the growth
rate of Synechococcus were limited by iron, sequestration of
added iron by newly produced siderophores would enhance
the availability of iron to Synechococcus, leading to an in-
crease in A.
These data indicate that even though some of the smaller
phytoplankton groups increased twofold in concentration,
only the initially rare pennate diatoms broke free from grazer
control. This is in agreement with evidence that microzoo-
plankton exert strong control over the typically dominant
phytoplankton of the equatorial Pacific (Price et al. 1994;
Landry et al. 1995, 1997) and with evidence suggesting that
an increased ;. of the phytoplankton community was
matched by heightened microzooplankton grazing pressure
during IronEx H1 (Coale et al. 1996b). Assuming that cell
losses were dominated by the rate of grazing (g) during the
early stages of the iron-enriched patch (i.e., A., - - g),
then a simple explanation for the bloom of pennates is that
iron fertilization caused a substantial elevation in Es relative
to g for these populations (Cullen 1995), resulting in the
measured A, of 1.0 d-'. This is in accord with the limited
grazing impact of the mesozooplankton measured inside the
patch (Coale et al. 1996b). After this growth burst, cell num-
bers declined, even though there had been a third addition
of iron on day 7 and mean fluorescence per cell remained
elevated over out-of-patch levels (Fig. 3A).
The decline in pennate cell numbers could have resulted
from a combination of events, including increased removal
rates, such as grazing and or sinking (Bidigare et al. sub-
mitted), or reduction in growth rate because of limitation by
another factor. 2-Th inventories measured during IronEx II
indicate that the particulate organic carbon (POC) flux in-
creased sevenfold between days 7 and 14 following initial
enrichment (Bidigare et al. submitted). Kudela and Chavez
(1996) suggest that the decreased transparency of patch wa-
ters may have induced light limitation of phytoplankton
growth. As argued by Erdner (1997), incomplete relief from
iron limitation was also a possibility. She showed that there
was no detectable switch from flavodoxin to ferredoxin in
the phytoplankton community throughout IronEx II, as
would be expected upon the relief of iron limitation. In ad-
dition, silica, which is essential for diatom growth, has re-
cently been argued as the ultimate factor producing HNLC
conditions in the equatorial Pacific (Dugdale et al. 1995;
Dugdale and Wilkerson 1998). As nitrate dropped from ca.
10 pM outside the patch to 7 /zM inside on day 7 (Coale et
al. 1996b), silicate dropped from ca. 4 pM to 1 pM (Coale
pers. comm.). Dugdale and Wllkerson (1998) argue that at
silicate concentrations below roughly 2 M, nitrate uptake
by diatoms is curtailed, which could help explain the de-
crease in net growth seen for the pennate diatoms after day
7 (Fig. 3C).
Conclusions
These results document clear differential changes within
the phytoplankton community over the course of the iron-
enriched bloom during IronEx II. Using fractionated Chl a
we measured a dramatic size-based shift as biomass in the
> 10-l m fraction increased 60-fold. The overall increase in
Chl a resulted in part from increases in cellular pigment
concentration, which were amplified to varying extents by
increases in cell numbers across the groups studied. The pen-
nate diatoms, which increased >10-fold, were the only cells
identified in this study that bloomed following iron enrich-
ment. These findings are consistent with the recent equatorial
Pacific synopsis (andry et al. 1997), as well with as the
"ecumenical iron hypothesis" (Morel et al. 1991b; Price et
al. 1994; Cullen 1995), which allows for the coregulation of
phytoplankton in this region by iron limitation and grazing,
the latter playing a particularly significant role in regulating
the small, dominant cells.
In our view, the most simificant conclusion from the
IronEx experiments and related work (e.g., Martin and Fitz-
water 1988; Coale 1991; Takeda and Obata 1995; Boyd et
al. 1996; Coale et al. 1996a; Zettler et al. 1996) is that phy-
toplankton community structure changes dramatically when
productivity is stimulated by nutrient enrichment. As pointed
out by Howarth (1988), the concept of "nutrient limitation"
must include both the limitation of extant dominant species
and the limitation of the potential rate of net primary pro-
duction, which can only be realized upon the supply of the
limiting nutrient together with an accompanying shift in
community structure. It is important to keep in mind that the
response of the phytoplankton community seen in IronEx H
was transient. We do not know what the structure of the food
web would look like if iron were supplied continuously over
time scales much longer than the generation times of the
relevant organisms. Modeling studies (e.g., Sarmiento and
Orr 1991; Frost and Franzen 1992; Armstrong 1994), which
take into account the potential for changes in community
structure, will be important for projecting hypothetical out-
comes to fertilization scenarios. Only through carefully de-
signed long-term experiments, however, will we be able to
predict the ecological consequences of, and changes in ex-
port carbon resulting from, ocean fertilization. These will be
important for developing policies to regulate commercial
ocean fertilization (Markels 1995; Srensen 1995; Jones
1996; Jones and Young 1997).
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ABSTRACT
High sensitivity measurements of nitrate plus nitrite (N+N) and soluble reactive
phosphorus (SRP) were made in conjunction with analysis of the microbial community structure
along a transect in the Atlantic Ocean. In the past, comparisons of microbial abundance with
nutrient concentrations in this ocean basin have been possible only at depth or during periods of
deep mixing. This is the first study for the Atlantic which combines detailed analysis of the
microbial community by flow cytometry with determinations of N+N by chemiluminescence and
SRP by the magnesium induced co-precipitation (MAGIC) protocol. We enumerated six groups
of microorganisms: bacteria, Prochlorococcus, Synechococcus, ultra- and nanophytoplankton,
cryptophytes, and coccolithophores. We found that the abundance of bacteria was well
correlated with the concentration of SRP, and that the abundance of ultra- and
nanophytoplankton was well correlated with the concentration of N+N. The abundance of
Prochlorococcus was best explained by a positive relationship with temperature, while none of
our measured parameters explained changes in abundance for Synechococcus. Our nutrient
measurements support the hypothesis that elevated ratios of N+N to SRP in the upper
thermocline ef the Sargasso Sea result from remineralization of nitrogen-fixing cells.
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INTRODUCTION
Historically, efforts to understand the relationships between microorganisms and nutrient
availability in the Sargasso Sea have been hampered because of the exceedingly low levels of
inorganic nitrogen and phosphorus present (Garside 1985; Glover et al. 1988; Ormaza-Gonzilez
and Statham 1991; Michaels et al. 1994; Michaels and Knap 1996; Cotner et al. 1997). In fact,
the concentration of nitrate plus nitrite (N+N) and soluble reactive phosphorus (SRP) have
remained below the detection limit of standard colorometric methods over much of the last
decade at the Bermuda Atlantic Time-series Study (BATS) site (BATS web site available at:
http://www.bbsr.edu/bats/; Michaels et al. 1994; Michaels and Kaap 1996). We have been
involved in a project which was designed to study changes in the size structure of marine
microorganisms across a range of nutrient environments (see Chapter 6). To enable this study, it
was necessary to apply high-sensitivity methods to the measurement of inorganic nutrients in the
oligotrophic waters of the Atlantic Ocean. Overall, these nutrient analyses not only serve as a
necessary backdrop for our ecological studies of size structure, but also shed light on current
hypotheses of the regulation of global N and P cycles.
There has been a recent effort to explain elevated ratios of inorganic N:P which have
been observed in the west central North Atlantic (Fanning 1989; Fanning 1992; Michaels et al.
1994; Michaels and Knap 1996; Gruber and Sarmiento 1997). Historical compilations (e.g.,
GEOSECS) and the Bermuda Atlantic Time-series Study (BATS) have provided evidence that
inorganic N:P ratios exceed 16:1 and can reach as high as 40:1 in the approximate depth range of
200 to 600 m. Several hypotheses as to the cause of these elevated N:P ratios have been put
forth, including links to atmospheric deposition of nitrogen (Fanning 1989) and dinitrogen
fixation (N2-fxation) by phytoplankton (Michaels et a. 1996). The latter requires that cells
which carry out N2-fixation (i.e., diazotrophs) are rich in nitrogen, compared to the Redfield ratio
(16:1; Redfield 1934), and are remineralized within the depth range of 200-600 m with
comparable rates of remineralization for both nitrogen and phosphorus. A little emphasized
corollary of this hypothesis is that inorganic N should be depleted with respect to inorganic P in
surface waters for periods of the annual cycle in order to stimulate N2-fixation. For this reason,
it is useful to consider the ratio of new nitrogen (i.e., N+N; Dugdale and Goering 1967) to
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inorganic phosphorus (SRP) in the euphotic zone, which should be less than 16:1 during
stratified periods for the corollary to hold.
For selected surface samples during oligotrophic periods in the Sargasso Sea, nitrate
values have been reported to range from below 2 nM to 20 nM (Garside 1982; Glover et al.
1988); SRP has been shown to range from below to 10 nM during February near BATS
(Ormaza-Gonzlez and Statham 1991) and has been estimated to range from 5 to 10 nM during
March and August at BATS, respectively (Cotner et al. 1997). However, there are no reports in
which nanomolar levels of inorganic nitrogen and phosphorus have been measured
simultaneously for the North Atlantic.
We made high sensitivity measurements of N+N and SRP along a transect from the
southern Sargasso Sea, to the BATS site, and then across the Gulf Stream into coastal waters off
New York. The cruise captured oligotrophic regions as well as the spring bloom in-progress at
BATS. From these analyses and those from several other cruises in the region, we are now able
to provide added insight to the N and P data from the BATS program. We found elevated N:P
ratios during the deeply mixed periods, as would be expected because deep waters with elevated
ratios (Michaels et al. 1994) ventilate the surface layer. Perhaps more importantly, we found
sub-Redfield N:P ratios in the mixed layer of the Sargasso Sea during stratified periods. This is
indicative of N-limitation of new production during these periods, and it is in agreement with our
corollary to the hypothesis of Michaels et al. (1994).
As stated earlier, our overall goal was to study the relationship between nutrients and the
size structure of microorganisms in the western Atlantic Ocean, to determine whether plankton
distributions could be convincingly explained by nutrient concentrations. Along the transect, we
measured the abundance of six microbial groups: bacteria (i.e., prokaryotes which lacked
pigment autofluorescence), Prochlorococcus, Synechococcus, a loosely defined group of ultra-
and nanoplankton, cryptophytes, and coccolithophores. Aside from N+N and SRP, we measured
dissolved organic nitrogen (DON) and phosphorus (DOP) along the transect. Abundance
patterns of two out of six plankton groups studied could be explained well by nutrients.
Reinforcing the findings of Cotner et al. (1997), we found a strong correlation between the
82
abundance of bacteria and SRP concentrations. Abundances of the ultra- and nanoplankton were
well correlated with N+N values, which is consistent with their peak in numbers at BATS during
the spring bloom (DuRand et al. submitted). We found no other meaningful correlations with
nutrients, however, Prochlorococcus concentrations were strongly correlated with temperature
along the transect, in agreement with laboratory (Moore et al. 1995) and field data (Partensky et
al. in press).
METHODS
Sampling and plankton analyses-Samples were collected either from Niskin bottles
attached to a rosette frame equipped with a CTD, or from the ship's flow-through seawater
system (- 3 m) on a series of four cruises aboard the R/V Oceanus in the Atlantic Ocean (Fig. 1).
The most extensive sampling occurred during March 1998 on a transect from 260N, 70°W to the
Bermuda Atlantic Time-series Study (BATS) site; the cruise continued northwest to the Gulf
Stream and then north towards New England. The other three cruises comprised of two during
June and one during February.
Samples were collected for nutrient, chlorophyll, and flow cytometric analyses. Nutrient
samples (- 200 ml) were collected in 250 ml low density polyethylene (LDPE) bottles which had
previously been washed with Micro detergent, rinsed repeatedly, washed in 1 N HC1, and rinsed
three times with the seawater to be sampled. Sample bottles were frozen (-200 C) promptly (Dore
et al. 1996) until analysis within 3 months to 2 years. Total chlorophyll a (Chl a) samples
consisted of -50 ml of seawater filtered onto GF/F (Whatman) filters, which were stored in
liquid nitrogen and analyzed following the method of Welschmeyer (1994). Some samples for
flow cytometry were preserved in 0.1 % glutaraldehyde and frozen in liquid nitrogen (Vaulot et
al. 1989), while others were analyzed onboard ship. A modified Epic V flow cytometer
(Beckman Coulter; Cavender-Bares et al. 1998) was configured on land for high-sensitivity to
analyze Prochlorococcus and Synechococcus (Fig. 2A and B) and lower-sensitivity to analyze
the larger ultra- and nanoplankton (Fig. 2D-F) at sea, as has previously been described
(Cavender-Bares et al. 1999). Within the ultra- and nanoplankton group, we were able to
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Figure 1:
Map of sampling stations in the western Atlantic Ocean. Different symbols represent
different cruises. The approximate location of the Gulf Stream is shown by a dotted line and
the Bermuda Atlantic Time-series (BATS) site is denoted.
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Figure 2:
Description of microbial groups enumerated using flow cytometry. (A,B) Prochlorococcus
and Synechococcus. (C) bacteria visible because of their orange fluorescence after staining
with SYBR Green I. (D) The ultra- and nanoplankton, shown here as individual groups, but
considered as one since they were not always distinct from each other. (E) Coccolithophores
distinguishable because they depolarize the laser beam. (F) Cryptophytes, which display
orange fluorescence and can be separated from the remainder of the ultra- and nanoplankton.
Notation: red fluorescence (Red FL), orange fluorescence (Orange FL), forward angle light
scatter (FALS), horizontally-polarized forward angle light scatter (HFALS). Calibration
beads shown in each panel, except E.
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distinguish coccolithophores, because they depolarize the laser light, and cryptophytes because
they display orange fluorescence from phycoerythrin (Olson et al. 1989). Bacteria (Fig. 2C)
were enumerated following the method of Marie et al. (1997) using the nucleic acid stain SYBR
Green-I (Molecular Probes). In most cases, there was clear separation between bacterial and
Prochlorococcus flow cytometric signatures. When there was an overlap, abundances of
bacteria were affected only slightly because only a small portion of the Prochlorococcus was
included in the bacterial counts, and because Prochlorococcus abundances were an order of
magnitude less than those for the bacteria. Note that we use the term bacteria operationally to
represent all prokaryotes which lack pigment autofluorescence on our instrument.
Nutrient analyses-Because of the limitation standard colorometric methods, the bulk of
measurements made in the upper 100 m at the Bermuda Atlantic Time-series Study (BATS) site
have captured only the periods of deep mixing when there are high nutrients (Michaels et al.
1994; Michaels and Knap 1996). Garside (1982) brought the chemiluminescent method to
oceanography and has reported depth profiles during oligotrophic periods in the Sargasso Sea
(Garside 1985; Glover et al. 1988). N+N was analyzed following the method of Garside (1982).
Briefly, nitrate and nitrite are reduced to nitric oxide, which reacts with ozone to form an excited
nitrogen dioxide. A photon is released as nitrogen dioxide returns to the ground state, and the
sum of these light pulses for a given sample is related to its N+N concentration.
Several issues arise concerning the measurement of SRP. Much like in the case of N+N,
low concentrations of SRP in surface waters of the oligotrophic ocean have, in some cases,
prevented SRP measurement by standard colorometric methods (detection limit 20-50 nM). It is
clear from the BATS data set that SRP has been nearly undetectable in the upper 100 m over the
past decade (Michaels et al. 1994; Michaels and Knap 1996). Several approaches have been
taken to measure or estimate low SRP values. Ormaza-Gonzlez and Statham (1991) used a 60-
cm pathlength cuvette to measure the first complete depth profile of SRP for the Sargasso Sea at
Station S (320 09'N, 64° 34'W). This profile was made during February 1990 and had values
ranging from their -nM detection limit up to about 10 nM in the upper 160 m. Ormaza-
Gonzilez and Statham (1991) found values of about 80 nM at 200 m, which agree with the
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contour plots published for the BATS site (Michaels and Knap 1996), however, SRP was not
actually reported near 200 m for February 1990 (BATS web site).
Another approach that has been taken to improve the sensitivity of SRP analysis is the
magnesium-induced coprecipitation (MAGIC) procedure (Karl and Tien 1992). The advantage
of this method is that SRP is concentrated without concentrating the elements which contribute
to the blank. In other words, an improved signal to noise ratio is possible. There are no
published data indicating that MAGIC has been successfully implemented in the Sargasso Sea,
although others have recently produced results which are consistent with ours (J. Wu, personal
communication).
We used the MAGIC procedure for analyses of SRP. The standard MAGIC protocol
requires a 2.5% v/v addition of I N NaOH to initiate the precipitation of brucite (MgO(OH) 2),
which is subsequently pelletized by centrifugation. SRP is co-precipitated and concentrated in
this process and then re-solublized when the pellet is dissolved in weak acid (0.1 N HCI) prior to
measurement by standard molybdate color reactions (see Appendix A; Parsons et al. 1984). The
magnitude of the SRP concentration effect is governed by the ratio of initial sample volume to
that of the volume of the pellet dissolved in HCI; typical values range from 5- to 10-fold when
starting with a 50-mi sample. Due to the exceedingly low levels of SRP (< 10 nM) expected in
the Sargasso Sea we anticipated the need for further concentration beyond that which is adequate
for year-round samples from Station Aloha at the Hawaii Ocean Time-series (HOT) site (Karl
and Tien 1997). In general, the SRP from a total sample volume of 250 ml was concentrated to
approximately 5 ml. In addition, we applied the recently modified MAGIC procedure (Bulldis-
Thomson and Karl 1998), which was designed to approximate more closely the dissolved
inorganic phosphorus pool (Pl) by using only 0.25% v/v of 1 M NaOH (rather than 2.5%) to
initiate brucite precipitation. This latter procedure is referred to as "modified MAGIC" (Bulldis-
Thomson and Karl 1998).
Sub-samples (40 ml) of the supernatant solution from the initial centrifugation step were
removed for the analyses of total N and P by uv-oxidation (NU,.,,, P,,,x). The interpretation of
our Nuvox and Puv-ox measurements is complicated because we used the MAGIC supernatant and
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because we did not filter the seawater samples prior to nutrient analyses. As a first
approximation, Nuv.x and Puvx should include both dissolved and particulate organic N (DON,
PON) and P (DOP, POP) fractions. Also, dissolved inorganic nitrogen (DIN) should be present
in the MAGIC supernatant and should, therefore, be included in Nuv,. As a way to constrain
our interpretations, we performed modified MAGIC precipitations on three field samples, one
from the equatorial Pacific and two from separate cruises in the Sargasso Sea, which had been
preserved for flow cytometry following the method of Vaulot et al. (1989). Starting with 20-mil
samples in each 50-ml centrifuge tube, only 6 ml were removed following centrifugation as an
analog to an aliquot removed from a 50-ml sample for uv-oxidation. This disproportionately
small volume was chosen to prevent contamination by any cells which would be on the surface
of the brucite pellet and which might have been included had 80% of the supernatant been
removed. We found that <10 % of the bacteria and < 2% of Prochlorococcus, Synechococcus,
and the ultra- and nanophytoplankton were included in this supernatant (see Appendix A).
Assuming that detrital particles and any large heterotrophic organisms would also be largely
removed from the supernatant, this suggests that Nu,ox would consist primarily of DIN and
DON, and Puvox would include only DOP. Following this assumption, we represent total
dissolved N (TDN) by N,,ox directly expecting that this excludes PON; total dissolved P (TDP)
is equated to P,,,x plus the estimation of Pi (SRP) made by the modified MAGIC analysis and
should exclude POP.
RESULTS AND DISCUSSION
The principal field study for this work was designed to detail cha, ges in the size structure
of marine microorganisms along a gradient in nutrients. This transect (Fig. 1) during March
1998 in the Atlantic Ocean, began in stratified waters of the southern Sargasso Sea (260 N,
70°W), passed through waters-extending from just south of the Bermuda Atlantic Time-series
Study (BATS) site north across the Gulf Stream-which were deeply mixed and presumably
high in nutrients and phytoplankton biomass, and ended in coastal waters off the coast of New
York.
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Temperature and chlorophyll-Surface temperature declined gradually from a high of
25°C at the southern extent of the transect until deeply mixed waters vere reached just south of
BATS, at which point water temperatures remained at about 19°C northward until the warm
(23°C) waters of the Gulf Stream were transected (Fig. 3A). The northern edge of the Gulf
stream was well defined by an abrupt drop in temperature from 20°C to about 10°C followed by
5°C temperatures further northward. Total chlorophyll a (Chl a) values ranged from 0.06 to 0.1
gg 1' in the southern portion of the transect and then increased to values ranging from 0.3 to 0.6
gg 1' just south of BATS (Fig. 3A). These values are consistent with those reported by Michaels
et al. (1994) for the spring bloom at BATS. Chi a remained at these levels on the north-west
transect across the Gulf Stream, beyond which values in excess of 1 ig 1' were seen in coastal
waters. The last data point suggests a decrease from these high Chl a levels further to the north.
Inorganic N-N+N ranged from 2.5 to 7 nM in the southern region of the transect; values
increased steadily at the face of the spring bloom, eventually reaching a mean value of 600 nM in
the waters north of BATS (Fig. 3B). N+N dropped somewhat in the Gulf Stream to a mean of
about 400 nM, with a steady increase at the northern edge of the Gulf Stream. This latter
increase, which began at a water temperature of 23°C, persisted until leveling off at values
ranging from 3 to 5 gM in the low-temperature coastal waters.
N+N values at the surface resembled those throughout the mixed layer at two points
along the transect (26°N and BATS; Fig. 4A,B). In addition, these two profiles of N+N were
similar to several other depth profiles taken at various locations and times in the Sargasso Sea.
Specifically, the profile from 26°N compares well with other profiles taken during stratified
periods at and near BATS (Fig. 4A), while that at BATS during March 1998 compares well with
two profiles taken during another deeply mixed period (Fig. 4B). Thus, surface measurements of
N+N were representative of the mixed layer for the transect as well as for similar mixing regimes
during other cruises. Our values of N+N (Fig. 4A) are consistent with Garside's measurements
of nitrate, which ranged from the detection limit (2 nM) to about 20 nM for the mixed layer
during summer in the Sargasso Sea (Garside 1985; Glover et al. 1988).
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Figure 3:
Transect across Sargasso Sea, Gulf Stream, and coastal waters during March 1998. Vertical
shaded bars indicate the approximate location of the Bermuda Atlantic Time-series (BATS)
site and the Gulf Stream. (A) Temperature and total chlorophyll (Chl a) as a function of
latitude (see Fig. 1 for cruise track). (B) Concentration of nitrate + nitrite (N+N) and soluble
reactive phosphorus (SRP) as a function of latitude. (C) Ratio of N+N to SRP as a function
of latitude, with a dotted line at a ratio of 16:1. All samples nominally from 3 m.
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In an attempt to complete the image of how N+N is distributed at the BATS site year-
round, we have merged our data from this study with those produced through the ongoing
monitoring program at BATS (data available at: http://www.bbsr.edu/bats/; Fig. 5A). We
contrast these data with those from the Hawaiian Ocean Time-series site (HOT) in the Pacific
Ocean (data available at: http://hahana.soest.hawaii.edu /hot/jgofs.html), where low levels of
N and P are measured routinely (Fig. 6A). While waters at BATS undergo seasonal
stratification, those at HOT are stratified year-round (insets, Fig. 5B and 6B). At BATS, there
are seasonal differences in the distribution of N+N in the upper 200 m, which lead to a wide
range of N+N values: the lowest during stratified periods, the highest during periods of deep
mixing. Such a pattern is absent at the HOT site, where N+N varies much less in the continually
stratified waters.
Inorganic P--Changes in SRP paralleled those of N+N, however, SRP increased at the
face of the spring bloom by only a factor of 10 instead of the 100-fold increase for N+N (Fig.
3B). Values in the southern portion of the transect ranged from 0.5 to nearly 5 nM, with one
point below our 0.5-nM detection limit. These values are in general agreement with SRP
measurements made by Ormaza-Gonzdlez and Statham (1991) and the estimates, based on a
bioassay technique, made by Cotner et al. (1997). In the northern portion of the Sargasso Sea
delineated by the face of the spring bloom, the mean SRP value was 12-nM and ranged from 7 to
18-nM. SRP values ranged from 9 to 23 nM in the Gulf Stream, before steadily rising to a mean
of 400 nM in coastal waters. As in the case of N+N, these surface measurements of SRP were
representative of both the mixed layer during the transect, as well as similar mixing regimes
during other cruises (Fig. 4C,D).
SRP is typically drawn down to considerably lower levels at BATS as compared to the
HOT site (Figs. 5B and 6B), although on occasion SRP has been below the limit of detection (<
1 nM) at the HOT site (Karl and Tien 1997). Fanning (1989) explained low levels of SRP in the
Sargasso Sea, in relation to other regions of the world ocean, as a product of enhanced deposition
of nitrogen in this region due to industrial activity in North America. He rationalized that this
enhanced deposition would drive plankton to reduce already low levels of SRP to the vanishingly
100
low, or undetectable levels observed. It is also possible that diazotrophs draw down SRP relative
to N4 N because their N-requirement is met with dinitrogen.
Ratio of N to P-A clear transition in the ratio of N+N to SRP occurred at the face of the
spring bloom (Fig. 3C). The ratio in the southern portion of the transect was less than 16:1, the
Redfield ratio (Redfield 1934), but increased within the spring bloom waters ranging from 30:1
to 70:1. These elevated ratios persisted mean 52:1) northward to the Gulf Stream, at which
point the ratio dropped somewhat to a mean of 24: 1; ratios fell below 16:1 in coastal waters.
Similar N+N and SRP values for the mixed layer during the transect led to rather constant ratios
of N+N to SRP (Fig. 4C,F). More generally, ratios remained less than 16:1 in the mixed layers
of oligotrophic waters (Fig. 4C), and exceeded 16:1 in deeply mixed water columns (Fig. 4F).
As was discussed in general for the central Atlantic by Fanning (1989; 1992) and shown
in detail at the BATS site by Michaels et al. (1994), the ratio of N+N to SRP is typically in
excess of 16:1 in the upper thermocline. Michaels et al. (1994) found values up to 40:1 at BATS
over the range of 200-600 m (Fig. 5C). Because it is a ratio, either low SRP or elevated N+N, or
both, would lead to increased ratios of N+N to SRP. Michaels et al. (1996) argued that the
elevated ratios result ultimately from nitrogen fixation. It has been observed that
Trichodesmium, a globally significant daizatroph (Capone et al. 1997), maintains elevated
proportions of N relative to P (Karl et al. 1992), compared to the Redfield ratio. Michaels et al.
(1996) postulated that these N-rich cells sink and undergo remineralization, causing N+N to be
elevated relative to SRP.
It is of little surprise that ratios of N+N to SRP during the deeply mixed periods (Fig. 4F)
are consistent with the elevated ratios reported by Michaels et al. (1994) for deep (200- 600 m) at
BATS, because surface waters should resemble deeper waters from which they originated. We
believe, however, that surface waters should be deplete in N+N relative to SRP (i.e., N:P < 16:1)
in order warrant the high energy expense required for diazotrophs to fix nitrogen. We have
found low ratios of N+N to SRP for oligotrophic periods in the Sargasso Sea (Fig. 4C). An
image which supports the hypothesis of Michaels et al. (1996) is clearly apparent when samples
originating from stratified periods (open circles) are compared in the lower panels of Fig. 5: N+N
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Figure 7:
Soluble and total nitrogen and phosphorus, and their ratio. Vertical shaded bars indicate the
approximate location of the Bermuda Atlantic Time-series Study (BATS) site and the Gulf
StrearrL (A) Concentrations of total nitrogen (TN) and phosphorus (TP), and dissolved
organic nitrogen (DON) and phosphorus (DOP) during March 1998 surface transect. (B)
Their ratios as a function of latitude, with a dotted lines added at a N:P ratio of 16:1.
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and SRP are both low, yet of comparable concentrations, leading to sub-Redfield N:P ratios in
the upper 200 m.
Total and dissolved organic N & P-There was no prominent trend along the transect for
total dissolved nitrogen (TDN), which had a mean of 6.3 gM (range 4.6 to 10.2 gM) at a depth
of 3 m (Fig. 3C). Total dissolved phosphorus (TDP) had two noticeable features, a slight
depression from a mean of 0.1 gM at the face of the spring bloom, and elevated values in coastal
waters with a maximum of 0.7 gM (Fig. 3C). Dissolved organic nitrogen (DON) and
phosphorus (DOP) showed similar patterns to TDN and TDP, respectively (Fig. 3C). There is
virtually no difference in the trends between dissolved and total fractions along the transect in
the Sargasso Sea and the Gulf Stream. We do see, however, a clear decrease in the dissolved
organic N and P pools relative to the pools of total dissolved N and P in coastal waters.
Community structure along the transect-Patterns of the abundance of microorganisms
in surface samples along the transect (Fig. 8) aligned with prominent features in N+N and SRP
(Fig. 3). Concentrations of bacteria, the smallest plankton studied, increased gradually along the
entire transect in the Sargasso Sea and Gulf Stream (range 2.6 to 5.6 x 105 cells ml-'). An
apparent 25% drop in concentration occurred near the face of the spring bloom. There was an
abrupt peak in bacterial numbers (9 x 105 cells ml-') just beyond the north edge of the Gulf
Stream; concentrations receded further north.
The smallest phytoplankter, Prochlorococcus, reached maximal abundance (7 x 104 cells
ml-') at the southern extent of the transect and declined somewhat before declining substantially
in spring bloom waters. Prochlorococcus concentrations remained low (mean of 9 x 103 cells
ml- ') north of BATS, but increased markedly in the Gulf Stream to levels close to those at 260 N,
and then disappeared in coastal waters. The concentration of the other picophytoplankter,
Synechococcus, increased steadily from 26°N to the face of the spring bloom (maximum of 2.9 x
104 cells ml-' ). Beyond BATS, concentrations dropped off only to rise again in the Gulf Stream
104
to match the highest concentrations seen at BATS. In the coastal waters, concentrations were
low, but still detectable.
The larger phytoplankton have been characterized by three groups (see Fig. 2): the ultra-
and nanoplankton, cryptophytes, and coccolithophores. The former group excludes
concentrations of the latter two. Ultra- and nanoplankton numbers were low (mean of 1.4 x 103
cells ml-') south of the spring bloom waters and then increased nearly 10-fold to a mean of 1.1 x
104 cells ml-' in the northern portion of the Sargasso Sea (maximum of 1.7 x 104 cells ml-').
Concentrations receded in the Gulf stream, and then increased again to maximal levels in coastal
waters. Cryptophytes were not detected in the southern extent of the transect, but were found at
concentrations ranging from 100 to 270 cells ml-' from the bloom waters northward across the
Gulf Stream. There was a sharp peak in concentration (370 cells ml-') just past the north edge of
the Gulf Stream, coincident with the sharp peak in bacterial cell numbers. Coccolithophores had
the same general pattern as the cryptophytes, however they were detectable in the southern
region of the transect (mean of 4 cells ml-'), and then increased in concentration slightly sooner
than the cryptophytes appeared. Following this burst in cell number, coccolithophores
maintained low numbers north across the Gulf Stream (mean 2.6 cells ml-'). There was a
doubling of cell numbers coincident with the peaks for bacteria and cryptophytes in coastal
waters.
We cannot characterize all phytoplankton by flow cytometry, yet it is possible to estimate
the percentage of biomass associated with the groups measured based on size-fractionated
chlorophyll. Most of the cells analyzed on our instrument would have been less than about 10
gm in diameter (see Chapter 3). The percentage of total Chl a which was in the fraction >10 pgm
remained fairly constant at about 10-25% in all but the coastal waters, in which the contribution
from cells larger than 10 gm increased to be >50% of the total Chl a (Fig. 9A). Thus, for the
Sargasso Sea and the Gulf Stream, cells from our analysis by flow cytometry probably
contributed >75% to the total phytoplankton biomass. Furthermore, the drop in Prochlorococcus
and the increase in ultra- and nanoplankton abundances in spring bloom waters (Fig. 8) resulted
in a redistribution of Chl a within the <10 pgm fraction. Specifically, Chl a in the 1-10 gm
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fraction increased from about 50% to 70% of the total in spring bloom waters (Fig. 9B), while
that in the <1 gm fraction dropped from about 30% to 20% of the total (Fig. 9C).
Overall, changes in the abundance of bacterio- and phytoplankton corresponded with
fluctuations in nutrients along the transect suggesting that nutrients played an important role in
controlling these populations, or vice versa. The bacteria have two interesting features: a
decline at the face of the spring bloom, and an overall maximum at the northern edge of the Gulf
Stream. Correlating their abundance with both nutrient concentrations (Fig. 10A) suggests a
somewhat more important role for SRP than N+N in controlling bacterial numbers. This is
especially apparent because N+N values fall into two groups (high and low) whereas SRP has
intermediate values. This apparent dependence on SRP is consistent with the findings of Cotner
et al. (1997) which showed that bacterioplankton at BATS experience P-limitation.
Like the bacteria, Prochlorococcus ranged over nearly an order of magnitude in cell
number (Fig. 8). Unlike the bacteria, however, the abundance of Prochlorococcus can be
divided into four regimes: high in the southern waters, low from the bloom northward in the
Sargasso Sea, high in the Gulf Stream, and absent in coastal waters. Olson et al. (1990) found
that depth of the median concentration of Prochlorococcus occurred at depths close to the
nitricline in the Sargasso Sea, and they suggested that nitrate, or another nutrient which co-varied
with it, controlled the growth of Prochlorococcus. In a recent analysis of BATS data, DuRand et
al. (submitted) also found a significant correlation between Prochiorococcus median cell
concentration and depth of the nitricline. The data along the transect run counter to this finding,
because the abundance of Prochlorococcus is negatively correlated with N+N (Fig. 10B).
DuRand et al. (submitted) found that Prochlorococcus bloomed atypically at BATS during the
spring of 1990, a year with less entrainment of nutrients into surface waters via deep mixing.
This also does not support a strong need for N+N, as we see that stratified waters quickly
become depleted of N+N. This conflict can be resolved because low levels of light would be
associated with the nitricline, and, as was pointed out by DuRand et al. (submitted), the apparent
relationship between Prochlorococcus abundance and the depth of the nitricline may well be a
manifestation of the ability of Prochlorococcus to prosper at low light levels (Moore et al. 1995;
Moore et al. 1998; Moore and Chisholm 1999).
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There are several "outliers" in the relationship between Prochlorococcus abundance and
N+N (Fig. 10B). It turns out that these are the high values seen in Fig. 8 for the Gulf Stream.
These points provide an indication that temperature may actually be the main controlling factor
of Prochlorococcus. The strong positive correlation between Prochlorococcus abundance and
temperature (Fig. 11A) is interesting for two reasons. It makes sense physiologically, where a
negative correlation with N+N does not. Also, when the abundance data for Prochlorococcus are
plotted against temperature, rather than N+N, the Gulf Stream points fall in-line with the overall
relationship. Prochlorococcus was alone in its strong dependence on warm water temperatures
(Fig. 11B).
The distribution of Synechococcus along the transect cannot be readily explained by
either nutrients or temperature, as Synechococcus abundance lacks a correlation with N+N or
SRP (Fig. 10C) or temperature (Fig. 1 IB). Maxima in cell number occurred at and around
BATS and in the Gulf Stream--similar in nutrient concentrations but disparate in terms of
temperature. The high cell numbers at the face of the spring bloom are consistent with the
observation of DuRand et al (submitted) that Synechococcus blooms during spring (March-May,
depending on year) at BATS.
The abundance of the ultra- and nanophytoplankton (Fig. 8), in general, was a good
surrogate for changes in nutrients along the transect (Fig. 3B); there was a strong positive
correlation between their concentration and N+N and a weaker one with SRP (Fig. 10D).
Abundances were somewhat higher than those measured by DuRand et al. (submitted), which
ranged from 4 to 6 x 103 cells ml-' at peak periods during February and March (1992 and 1993,
respectively). It is possible that differences resulted because we analyzed fresh samples, whereas
they analyzed preserved samples; cell losses can occur as a result of preservation (Vaulot et al.
1989; Lepesteur et al. 1993; Gin 1996).
The appearance of cryptophytes at the face of the spring bloom and further peak in cell
numbers just north of the Gulf Stream is a strong indicator that their populations are also
controlled by nutrients. However, correlations (not shown) with nutrients were limited because
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Figure 9:
Size-fractionated chlorophyll a (Chl a) along March 1998 transect (Fig. 3). Vertical shaded
bars indicate the approximate location of Bermuda Atlantic Time-series (BATS) site and the
Gulf Streanm Percent of total Chl a in (A) >10 gtm fraction, (B) 1 to 10 gtm fraction, and (C)
<1 gtm fraction.
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Figure 10:
Correlations between plankton groups and nutrients along March 1998 surface transect (Fig.
3). Left panels for nitrate + nitrite (N+N) and right panels for soluble reactive phosphorus
(SRP). In some cases correlation coefficients (R2) are indicated. In B, open circles are used
to denote samples from the Gulf Stream.
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Figure 11:
Relationships between plankton abundance and temperature along transect. (A) for
Prochlorococcus with open circles representing Gulf Stream samples; and (B) for all other
groups.
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cryptophyte cells were not detected at low nutrient concentrations in the southern portion of the
transect. This apparent absence could be explainable if the cryptophytes in the southern portion
of the transect lacked phycoerythrin, which has been observed in N-limiting conditions (R.
Olson, personal communication); if they lacked phycoerythrin we would not have been able to
detect their presence. Even though coccolithophores had peaks in cell numbers at the edge of the
spring bloom and at the north edge of the Gulf Stream, overall their numbers decreased along the
transect from south to north. Their concentration, therefore, had a weak negative correlation
with nutrients (Fig. 10E). T cell concentrations measured are close to those measured by
DuRand et al. (submitted) at the BATS site, although we did not observe concentrations as high
as the maximum they measured (50 cells ml').
CONCLUSIONS
This transect in the western Atlantic Ocean provides an unique glimpse into the
relationships between microorganism abundance and macronuirient concentration. The transect
spanned diverse ecosystems encompassing the oligotrophic waters of the Sargasso Sea, the
spring bloom waters near the BATS site, high nutrient conditions in the Gulf Stream, and high
nutrient coastal waters. This may be the first data set to combine low-level measurements of
N+N and SRP in the Sargasso Sea, both during high and low nutrient conditions. Our nutrient
measurements are consistent with the hypothesis of Michaels et al. (1996) that the mid-depths
(200-600 m) at BATS are enriched in N+N relative to SRP. 'rhe ratios of N+N to SRP in
stratified waters were less than the Redfield ratio, suggesting that new production was N-limited.
Plankton abundances varied along the transect, but not following the same pattern for the
six individual groups. We found that the abundance of bacteria was well correlated with levels
of SRP. The most compelling factor controlling the abundance of Prochlorococcus appeared to
be temperature; no factor that we measured explained the distribution of Synechococcus.
Abundances of the larger, ultra- and nanophytoplankton were well correlated with N+N
concentrations, although no relationships were seen for the other two eukaryotic groups.
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Abstract
Microbial size spectra, including bacteria and phytoplankton up to 5 gum in size, were
studied across both seasonal and spatial nutrient gradients in the Atlantic Ocean. Cruises were
designed to transect the oligotrophic Sargasso Sea, the Gulf Stream, and coastal waters,
providing a range of ecosystem conditions. Nutrient gradients (nitrate and phosphate) were
measured with techniques capable of resolving concentrations below 10 nM. Microbial
abundance was measured using flow cytometry, and estimates of size were made using an
experimental calibration relating light scatter to cell volume. The relative contribution of large-
or small-sized cells to total biomass can be inferred from size spectra, typically by their decay,
which is best described by their slope in a double logarithmic plot. We found consistent trends
in slopes for the various regions of the transects, and with depth. A simple, global relationship
between slopes and nutrient concentrations, however, was not found, indicating that the
ecosystem dynamics are complex. Spectral shape, or the relative conformity to a function
described by a power law, ranged from smooth and linear during the spring bloom in the
Sargasso Sea to distinctly non-linear in coastal waters. We hypothesize that smooth shapes
which conform to power laws occur only during extended periods of nutrient enrichment, such as
the spring bloom, when the growth of phytoplankton out-paces the ability of zooplankton to crop
their growth. Analyses of size spectra from two enrichment studies, including the in situ iron-
fertilization experiment (IronEx II) in the equatorial Pacific Ocean, show that such transient
enrichments cannot replicate the effects of enrichments extended over longer periods, such as the
spring bloom. We conclude that size spectra are important and distinctive indicators of the status
of the microbial ecosystem, and may possibly enable us to single out stressing factors or to issue
predictions about population dynamics of marine organisms on a global scale.
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INTRODUCTION
Interest in size spectra of pelagic systems has grown out of the first observations of
particle distributions across the world ocean made by Sheldon and co-workers thirty years ago
(Sheldon and Parsons 1967; Sheldon et al. 1972). Regardless of their mathematical form, size
spectra convey a synoptic image of the size structure of a system which is taxon-independent.
From the outset, the predictive powers of size spectra were recognized. Sheldon et al. (1972;
1977) suggested that fish stocks, for example, could be predicted if the planktonic size spectrum
were known. They hypothesized that roughly equivalent amounts of biomass existed in
logarithmic size classes of equal width-from bacteria to whales--which became known as the
linear biomass hypothesis. Since then, numerous attempts have been made to test this hypothesis
in freshwater and marine ecosystems.
Considerable attention has been paid to the theoretical aspects of size spectra (see: Platt
1985; Thiebaux and Dickie 1992; Vidondo et al. 1997). Platt and Denman's (1977) normalized
biomass spectrum, with refinements by Blanco et al. (1994), has been the model for representing
size spectra of planktonic organisms. Such a spectrum, in idealized form, fits a linear model on a
double logarithmic plot (i.e., a power law), and the relative contribution of small- and large-sized
cells to total biomass can be inferred from its slope. Countless investigations have shown that a
linear model appropriately characterizes planktonic spectra (e.g., Rodriguez and Mullin 1986;
Ahrens and Peters 1991; Quifiones-Bergeret 1992) , although not equally well in all situations
(e.g., Sprules et al. 1983; Tittel et al. 1998). Rodriguez and Mullin (1986) recognized the value
of being able to describe size spectra with a simple function like a power law and that
determining the exact slope, or agreement of slopes between studies, was of secondary interest.
If a constant relationship over a wide range in size can be demonstrated, then it may be
appropriate to use size spectra as a predictive tool (Sheldon et al. 1977), to integrate them into
models used to simulate ocean biogeochemistry (Armstrong 1994; Hurtt and Armstrong 1996) or
to interpret ocean color measurements from satellites based on properties which scale with cell
size (Stramski and Kiefer 1991).
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A central focus of our work has been to explore how well size spectra conform to a
power law. A power law structure of the probability distribution characterizing cell number as a
function of cell size would be indicative of spatially scale-free, or critical behavior (e.g.,
Mandelbrot 1983). Such criticality essentially implies some form of scale invariance of the
process. In other words, this means that the part (any part, in fact) is similar to the whole in the
statistical description of an object, or process, and that such similarity holds over orders of
magnitude. Furthermore, power laws are signatures of self-organization on the dynamics of
open, dissipative systems with many degrees of freedom, where the features of the system tend
to be attracted in states without a preferential scale regardless of initial conditions or parameter
tuning (Bak 1996). Power laws in the probability distribution characterizing spatial or temporal
features of natural processes are ubiquitous in nature. They have been demonstrated in
coastlines, mountain ranges, and clouds (Mandelbrot 1983), particle fragmentation and
earthquake frequency (Turcotte 1992), river networks (Rodriguez-Iturbe and Rinaldo 1997), to
name a few. Systems exhibiting power laws in their statistical descriptions are considered
fractal, implying that by whatever means they are characterized on one scale, they will retain this
characteristic on a finer or coarser scale.
Criticality in planktonic size spectra, for example, would require that the mean particle
size scales with the volume of sample measured. This is intuitively obvious because one would
expect that 1 ml of seawater would contain proportionally fewer large cells than would a 1-liter
sample, because large cells are present at lower concentrations (Chisholm 1992; Ki0rboe 1993),
and the 1-ml sample would have a lower mean particle size than would the 1-liter sample. Of
course, at some upper limit, plankton of all sizes would be adequately represented, and the mean
size of particles in still larger samples would not change. This highlights the fact that power law
relationships have cut-offs, both upper and lower. In the plankton example, lower cut-offs (i.e.,
deviations from linearity on a double logarithmic plot in the smallest size classes) are most likely
due to methodological limitations. For example, the smallest organisms enumerated in our study
were bacteria. A deviation from linearity in the smallest size classes would be indicative of the
fact that viruses were not enumerated in this study, not that the power law relationship breaks
down at small size. Upper cut-offs would probably reflect under sampling of the largest
organisms, and would not be characteristic of the actual size spectrum in situ. To use a power
122
law for predictive purposes, one would need to ascertain the specific nature of an upper cut-off
and whether it was a characteristic of the sampling method or the actual planktonic system. If
planktonic systems could be demonstrated to have fractal behavior, it would then be appropriate
to evaluate whether these systems share traits, such as self-organization (Bak 1996), which are
common to other systems which display critical behavior.
Historically, several approaches have been taken to construct planktonic size spectra.
Sheldon and co-workers (Sheldon and Parsons 1967; Sheldon et al. 1967; Sheldon et al. 1972;
Sheldon et al. 1973) used the Coulter Counter, which cannot distinguish between intact cells and
detritus. Subsequent studies have relied on microscopy to characterize microorganisms in order
to eliminate the bias which would result from the inclusion of detrital particles (e.g., Rodriguez
and Mullin 1986; Sprules et al. 1991; Ahrens and Peters 1991; Gaedke 1992; Quifiones-Bergeret
1992; Ruiz et al. 1996; Tittel et al. 1998). Li (1994) used flow cytometry in a detailed analysis
of microbial spectra in the North Atlantic, although his spectra differed from others in the
literature because he used a particle's forward angle light scatter (FALS) as a proxy for volume,
based on the strong correlation between these two parameters found by Olson et al.(1989). More
recent studies that utilized flow cytometry have attempted to take into account the fact that FALS
is not a constant function of cell size (Gin 1996; Gin et al. in press). Specifically, Gin et al.(in
press) used a calibration relating FALS to cell volume which was a hybrid between calibrations
based on microbial populations from the laboratory and the field. We build on the methodology
of Gin et al. (in press) in this work by using a refined relationship between FALS and cell size
which was derived from field populations of marine phytoplankton, and we use the latest method
for representing size spectra (Vidondo et al. 1997).
Our goal of this study was understand the variability of the size spectra of marine
microorganisms across ocean regions which varied temporally and spatially and in terms of
nutrient availability. Here we present microbial size spectra from three systematic survey cruises
within the Atlantic Ocean. These cruises transected nutrient gradients within and across the
Sargasso Sea, the Gulf Stream, and coastal waters. Seasonal variability was captured by cruises
during the spring, summer, and winter, and nutrient gradients were.characterized with methods
capable of resolving nitrate and phosphate at concentrations below 10 nM. Consistent patterns
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of the shape (i.e., relative conformity to a power law) and slope of the spectra were observed.
We hypothesize that smooth spectra conforming to power laws occur only during nutrient rich
periods in which microbes may grow under reduced grazing pressure, and which persist on time
scales substantially greater than the relevant time scales of the microbes involved (i.e.,
generation time). The spring bloom in the Sargasso Sea appeared to be an example of such a
case. However, spectral analyses from an enrichment experiment in the Sargasso Sea and an
iron-fertilization experiment conducted in situ (IronEx II; Coale et al. 1996) show that spectra
after transient fertilization do not conform to these smooth power laws. We attribute this lack of
conformity to an imbalance between growth and grazing rates that cause dramatic changes in
species abundance on time scales equal to or shorter than the duration of the experiments.
METHODS
We made measurements of biological and chemical features along three transects in the
Atlantic (Fig. 1). The most extensive, both spatially and in sampling resolution, was during
March 1998. We made two shorter transects during June 1996 and February 1997.
Measurement of chlorophyll and nutrients-Chlorophyll a (Chl a) was analyzed
following the acid-correction method (Parsons et al. 1984) or Welschmeyer (1994) method,
which eliminates the need for a pheophytin correction. Analyses were done at sea or on GF/F
filters (Whatman) which had been frozen in liquid nitrogen. Detailed methods for the analysis of
nitrate + nitrite (N+N) and soluble reactive phosphorus (SRP) have been reported elsewhere (see
Chapter 5). The measurements of SRP are of particular interest since the method used
approximates the actual inorganic P concentration in the sample (Bulldis-Thomson and Karl
1998), and we were able to measure nanomolar levels which have been reported only once
before for a single depth profile in the Sargasso Sea (Ormaza-Gonzilez and Statham 1991).
Detection limits for N+N were approximately 2-nM, while those for SRP were about 0.5-nM.
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Collection of size-structured data-A modified Epics V flow cytometer was used both at
sea and in the laboratory for all plankton analyses. The particular details of the instrument
configuration have been reported elsewhere (see Chapters 2 and 4; Cavender-Bares et al. 1998;
Cavender-Bares et al. 1999). Four groups of plankton were distinguished by these analyses.
Bacteria were enumerated by staining samples with a nucleic acid-specific stain (SYBR-Green I,
Molecular Probes) following the protocol of Marie et ai. (1997). Samples which had been
preserved using 0.1 % glutaraldehyde and frozen in liquid nitrogen (Vaulot et al. 1989) were
used for these analyses. Prochlorococcus and Synechococcus were analyzed either at sea or on
similarly preserved, but unstained samples. The group of larger phytoplankton, which have been
classified as ultra- and nanoplankton (Zettler et al. 1996; Cavender-Bares et al. 1999), were in all
cases analyzed in unpreserved samples at sea.
We have applied a calibration curve (Fig. 2) to the raw flow cytometry data in order to
convert from forward angle light scatter (FALS) to volume. The development of this calibration
curve has been described elsewhere (see Chapter 3). In brief, each data point resulted from
sorting (via flow cytometry) a subset of a preserved sample away from the other cells and then
sizing those cells using a Coulter Counter. A fit to the data using Mie theory (Bohren and
Huffman 1983) is shown in Fig. 2, along with dotted lines representing our estimate of 95%
confidence intervals on predicting volume from FALS. The points at low FALS correspond to
populations of Prochlorococcus, but instrument limitations did not permit bacteria from being
sorted or sized. However, the Mie fit to the data in this region agrees with work relating FALS
to volume of marine bacteria (Robertson and Button 1989; Koch et al. 1996; Robertson et al.
1998). Note that because the smooth relationship between FALS and volume breaks down
above a FALS of approximately 10 units, we did not include cells of this FALS or greater in our
size spectra.
Background on representing size spectra-Over the past thirty years there has been
considerable attention given to measuring planktonic size spectra. Sheldon and Parsons (1967),
who collected their data using a Coulter Counter, argued that the most appropriate way to present
size structured data was to plot concentration of particles (by volume) against the logarithm (base
2) of diameter. We have plotted two samples from our data set in Fig. 3A using this method.
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Figure 1:
Map of sampling stations in the western Atlantic Ocean. Different symbols are used
to represent different cruises (see Key). The approximate location of the Gulf
Stream is shown by a dotted line and the Bermuda Atlantic Time-series (BATS) site
is denoted.
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Figure 2:
Calibration curve used to convert forward angle light scatter (FALS) to equivalent
spherical volume as measured by a Coulter Counter. Two groups of
phytoplankton are shown: filled circles for Prochlorococcus, Synechococcus, and
the ultraphytoplankton; open circles for the nanophytoplankton. Solid line
calculated from Mie theory and dotted lines represent estimated confidence limits
for predicting volume from FALS.
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Plotted on the y-axis is simply the total particulate biovolume for a given diameter divided by
overall sample volume. Sheldon and co-workers went on to employ this method in far-reaching
studies of the Atlantic and Pacific Oceans (Sheldon et al. 1972; Sheldon et al. 1973; Sheldon et
al. 1977). In another early use of the Coulter Counter, Bader (1970) took a very different
approach: he used cumulative number distributions (i.e., N, = k v"', where N, is the number of
particles of volume greater than a certain volume, v; k and m are constants for a given sample)
and a truncated version of this to address the tailing off of some distributions at large size. Bader
discussed the use-and some shortcomings-of the number distribution (i.e., AN/Av plotted
against volume on a double logarithmic plot, where Av is the width of the volume bin for which
the AN particles have been grouped), which is essentially what has become known as the
normalized concentration spectrum (Fig. 3B; Blanco et al. 1994). Specifically, Bader
commented that certain irregularities in distributions are more clearly visualized in cumulative
number distributions than in ordinary number distributions, which are the numerical derivative of
the former.
Platt and Denman (1978) presented a framework for constructing the normalized biomass
spectrum [(w) = b(w)/Aw, where b(w) is the biomass in a certain weight class, w, and, Aw is the
width of the weight class], which has been implemented over the years since by many
investigators (e.g., Rodriguez and Mullin 1986; Ahrens and Peters 1991; Quifiones-Bergeret
1992; Gin et al. in press; Ruiz et al. 1996; Tittel et al. 1998). Platt and Denman proposed this
method in part to overcome difficulties which would arise from comparison of Sheldon-type
spectra (concentration by volume) between investigators who choose to use different width size
bins to collect data. When particle density, in terms of carbon or whatever measure of biomass
used, is equal across size classes, then the normalized biomass spectrum is equivalent to the
normalized biovolume spectrum (Fig. 3C3. As first pointed out by Prothero (1986), and later
discussed in relation to size spectra by Blanco et al. (1994), this process of normalization can
produce misleading results. That is, it can be shown that a set of random numbers representing
biomass (or, biovolume) arranged in size classes will produce a normalized spectrum that has a
slope very similar to actual biomass spectra (i.e., close to -1). This happens when a variable
which ranges over only a couple orders of magnitude (e.g., biomass in log (base 2) bins) is
normalized by numbers spanning many orders of magnitude (e.g., size); the fluctuations of
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biomass can be wiped out. Blanco et aL.(1994) recommended the use of the normalized
concentration spectrum as a way to avoid the problems inherent with the original normalized
biomass spectrum.
Vidondo et a!. (1997) proposed representing plankton spectra as probabilities of
exceedence, which are, in cases for which one has an abundance of data points, the cumulative
distribution used by Bader (1970) divided by the total number of particles (Nt). Normalizing by
N, has the advantage of facilitating comparison of spectra since they all have the value of unity
for the smallest size particle. As discussed by Vidondo et al. (1997), the greatest advantage of
the probability of exceedence method is that data need not be binned into size classes. Two
samples are presented in the form of probability of exceedence plots in Fig. 3D, where we use
the notation Prob (V > v) to represent the probability of having particles greater or equal to a
given volume, v. Vidondo et al. (1997) propose fitting such spectra with either the Pareto type I
or II model. The type I Pareto is simply a linear fit on a log-log plot. The Type II model would
be ideal for spectra which have very few particles in the lower size range, and therefore a
relatively flat initial portion of the spectrum. Such a model is inappropriate in this study as any
such behavior in our data is most probably a result of the exclusion of a smaller size class of
particles (e.g., smaller bacteria or viruses), and would not represent an actual feature of the size
spectrum, but rather an artifact of data collection. Due to the fact that cumulative probability
plots have historically been used both in oceanography (e.g., Bader 1970; Kitchen et al. 1982;
Stramski and Kiefer 1991) and in other disciplines (see references in Vidondo et al. 1997), it is
the method that we have chosen to represent size spectra here. It should be noted that this is not
an exhaustive discussion of the possible methods for representing size spectra. For example,
Risovic (1993) proposed using gamma distributions to model size distributions, and Jonasz and
Fournier (1996) suggested that a series of normal distributions could be used to represent
complex size distributions.
The slope of the spectra shown in Fig. 3 are of great interest, as much of the
interpretation of spectra has historically focused on the slope. A slope () of-1 on a Prob (V >
v) plot indicates that particle abundance is inversely proportional to particle size, and that total
biovolume is constant across size classes. As P becomes more negative (e.g., -1.2),
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proportionally more biovolume is distributed in small size classes; the opposite is true as P
becomes more positive. Because the normalized concentration spectrum is essentially the
derivative of the cumulative probability distribution (see Bader 1970; Blanco et al. 1994), it is
expected to have a slope more negative by 1, as is seen by comparing Fig. 3B and D. Note that
there is some discrepancy. However, this is to be expected because the normalized spectrum is
an approximate derivative of the probability of exceedence. Note also that values are reported
with more significant figures in cases where multiple spectra are averaged together (e.g., Figs.
7).
As discussed in the previous section, the largest cells were in some cases omitted from
our spectra due to the nature of the calibration curve in that region. Cells larger than a given
FALS (the same for all samples) were simply omitted from the size spectrum for a given sample.
However, it was confirmed that this truncation did not impact the features of the Prob (V > v)
curves.
RESULTS AND DISCUSSION
Size spectra were measured on three transects in the Atlantic Ocean (Fig. 1). The March
1998 transect was the most extensively sampled, and it extended from oligotrophic waters in the
Sargasso Sea, through spring bloom waters in the vicinity of the Bermuda Atlantic Time-series
Study (BATS) site, across the Gulf Stream, and into coastal waters off New York. The other two
transects, during June 1996 and February 1997, consisted of sampling stations in the Sargasso
Sea, the Gulf Stream, continental slope, and continental shelf regions. We show that features of
the spectra vary consistently during different seasons across waters ranging from the oligotrophic
Sargasso Sea to nutrient rich coastal waters. In the final section, results from nutrient enrichment
experiments suggest that transient enrichments add instability, rather than stability to community
structure
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Chemical and biologicalfeatures of the transects
March 1998 transect- Chlorophyll a (Chl a) increased about 4-fold just south of BATS
to reach a mean of 0.4 gg I' (Fig. 4A). These high chlorophyll levels are consistent with values
reported by Michaels et al. for the spring bloom at BATS (Michaels et al. 1994; Michaels and
Knap 1996).Both nitrate + nitrite (N+N) and soluble reactive phosphorus (SRP) were less than
10 nM in the southern portion of the transect (Fig. 4B). Moving northward, N+N increased
nearly 100-fold just before reaching the Bermuda Atlantic Time-series Study (BATS) site, but
SRP increased only about of 10-fold. The disparity between the increases of the two nutrients
caused their ratio (N:P), which was less than 16:1 in the southern region of the transect, to
increase to a mean of 50:1 in the northern section of the Sargasso Sea (Fig. 4C). Slight changes
in their absolute concentrations caused the N:P ratio to drop to 25:1 in the Gulf Stream. Both
N+N and SRP increased substantially in coastal waters and the N:P ratio dropped further to less
than 16: 1. In a general sense, the ratio of N:P can be used to infer whether new production is N-
limited (Dugdale and Goering 1967). N:P ratios less than 16:1, the Redfield ratio (1934),
suggest N-limitation. N:P ratios along the transect (Fig. 4C) suggested that new production in
the southern region of the Sargasso Sea was N-limited.
Summer 1996 transect-Nutrient concentrations ranged from nanomolar to micromolar
levels at seven stations (Fig. 1) along a transect during June 1996 (Fig. 8). N+N and SRP were
generally below 10 nM in the mixed layer of three stations in the Sargasso Sea and one in the
Gulf Stream (Fig. 8A-D). Surface Chl a concentrations ranged from 0.05 to 0.1 fg 1' for these
four stations, while maximum values at depth ranged from 0.3 to 0.5 tig 1-'. Coastal stations had
nearly 100-fold more SRP in the mixed layer, yet N+N was typically drawn down below 10 nM
(Fig. 8E-G). In general, N+N to SRP ratios in the mixed layers were less than 16:1 and the ratio
in deeper waters was much greater than 16:1. Surface Chl a values in coastal waters ranged from
0.1 to 0.2 gg 1-', and deep Chl a maxima were generally a factor of two larger in concentration-
except for the transitional station (Fig. 8F) for which Chl a reached 2 jgg 1-' at 40 m. The depth
of the Chl a maximum (Dcm) shoaled substantially in coastal waters (Fig. 8).
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Figure 4:
Chemical and biological features along a transect during March 1998 from south of
Bermuda in the Sargasso Sea across the Gulf Stream and into coastal waters (Fig. 1). (A)
Chlorophyll a (Chl a), (B) Nitrate + Nitrite (N+N) and soluble reactive phosphate (SRP),
and (C) Ratio of N+N to SRP along the transect. (D) Slope () of probability of exceedence
spectra as a function of latitude. Lower case letters (above panel D) indicate the statistical
difference between values for the different regions which can be summarized by: Gulf
Stream < southern Sargasso Sea < northern Sargasso Sea; values for the Coastal waters
were not different from either the southern Sargasso Sea or the Gulf Stream.
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Winter 1997 transect-Nutrient concentrations were markedly elevated for this transect
(Fig. 9) compared to the summer cr.lise (Fig. 8), but were similar to those found in the same
regions of the 1998 transect (Fig. 41). Only the northern Sargasso Sea station (Fig. 9B) had SRP
values in the mixed layer less than 10 nM. In all cases, N+N was higher than SRP, at least by an
order of magnitude (Fig. 9). N+N to SRP ratios were greater than 16:1 in the Sargasso Sea and
the Gulf Stream and coastal waters had ratios close to 16:1, as was seen during March 1998 (Fig.
4C). Chl a was fairly constant in the mixed layers, and at the surface it increased from south to
north along the transect, from 0.3 to I glg 1'.
Patterns of size spectralfeatures
Spectral slope-Slopes () of individual spectra (Fig. 5) from the March 1998 transect
varied between -1.4 and -1.0 (Fig. 4D). The most negative (-1 4 , as measured in coastal
waters, while the most positive (-1.0) was measured near BATS in spring bloom waters. We
divided the entire transect into four regions on the basis of relative N and P concentrations and
their ratio (Fig. 4B,C): the low-nutrient southern Sargasso Sea, the high-nutrient northern
Sargasso Sea, the Gulf Stream, and coastal waters. As has been done previously to test the
statistical difference between groups of spectra in terms of their slopes (Rodriguez and Mullin
1986; Tittel et al. 1998), we applied a non-parametric rank-sum test (two-tailed Mann-Whiney
U-test; Sokal and Rohlf 1995) to the groups of individual spectra. All differences are at the P <
0.05 level and are indicated by lowercase letters above Fig. 4D.
The spectra from the southern Sargasso Sea were more negative than those of the
northern Sargasso Sea, but less negative than those of the Gulf Stream; the slope of coastal
I waters differed (more negative) only from those of the northern Sargasso Sea. In addition to
these overall trends, it is clear that slopes are least negative near the face of the spring bloom in
the vicinity of BATS. This is because of a 10-fold increase in relatively large ultra- and
nanoplankton that was observed in spring bloom waters (see Chapter 5), which is consistently
seen during spring at the BATS site (Gin et al. in press; DuRand et al. submitted). Also evident
from the trends in 3, is a local minimum centered at the BATS site. This may be explained by
the fact that this station and the one immediately to the south were separated temporally by a two
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day period, during which convective mixing broke down early signs of stratification. Also, the
fluctuation in slopes further north in the Sargasso Sea coincided with a winter storm. The
increasingly positive D values at the northern extent of the Gulf Stream coincide with large
increases in nutrients (Fig. 4B), however, the similar trend observed further to the north in
coastal waters is not readily explained by any of the parameters measured.
Cell cycles present another possible explanation for the trends observed in i over narrow
spatial scales. Prochlorococcus, for example, displays a tightly synchronized cell cycle: cells
increase in size during the day until reaching a maximum just prior to cell division in the late
afternoon (e.g., Vaulot and Chisholm 1987; Vaulot et al. 1995). Not all species divide
synchronously, yet we explored whether this effect could be seen in our data because samples
were taken throughout the day and night. Values of 13 for the two regions of the transect in the
Sargasso Sea appear to vary across the day (Fig. 6). These variations, especially in the southern
region of the Sargasso Sea, provide evidence suggesting diurnal fluctuations in 3.
Prochlorococcus which approached their maximal size in the afternoon would cause to
become less negative, as is seen for the several samples taken in the afternoon of March 4 h.
Thus, it is possible that differences in slope between the different regions of the transect would
have been more pronounced had all samples been taken at the same time of day.
Even though we found differences in that were statistically significant along the
transect, it is important to understand the biological significance of these differences in the
context of the methodology used to construct the spectra. Consider two samples of equal
volume, both of which contain the same total number of cells. The distribution of cells across
the volume axis is different in each sample, although these distributions have common minimum
and maximum cell sizes similar to those in our samples. can be used to calculate the number
of cells of the maximum size, which is directly proportional to the biovolume of cells of that
size. Using these hypothetical samples, we can vary 13 in order to see the difference in
biovolume for cells of the maximum size. If P values were -1.17 and -1.13, the difference in
hiovolume for cells of the largest size would be 30%; if they were -1.28 and -1.00, the
biovolumes would differ by a factor of two. Variation in does reflect a significant difference in
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Figure 6:
Slopes of the size spectra from Fig. 4D plotted against time of day for the two regions of
the Sargasso Sea for March 1998 transect. Dark bars in each panel represent approximate
periods of darkness, with dates shown at local midnight.
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the biovolume in this maximum size class. Of course, for field samples we measure size
distributions and estimate values of 3, and there is some uncertainty in our measurement of these
distributions (Fig. 2). In fact, if we were simply to measure the total biovolume in the maximum
size class in the hypothetical samples, our estimate would be bounded by a confidence interval of
at least 30%, or an upper and lower volume limit differing by nearly a factor of two. Thus,
while we believe that trends in P are real, further methodological refinement would be necessary
before the absolute value of B3 can be fully interpreted.
Slopes ranged from -1.0 to -1.4 for all stations during the June 1996 transect, both at the
surface and at the Dcm (Fig. 8). At the surface, the Gulf Stream slope was the most negative (Fig.
8D), which agrees with the rank-order of slopes from the March 1998 cruise. The Sargasso Sea
spectra were similar at the surface, in termns of slope (Fig. 8A-C). From data on the individual
populations, we can say that the presence of Prochlorococcus only at the northern station (Fig.
8C) and a high abundance of bacteria at the middle station (Fig. 8B) impacted P for these three
stations. A large relative increase in the abundance of Prochlorococcus or bacteria would cause
p to become more negative. For the coastal stations (Fig. 8E-G), 3 was variable, much as it was
in the coastal region of the March 1998 cruise (Fig. 4D). In all cases P values at the chlorophyll
maximum (D,) were at least as negative as at the surface, and usually more so (Fig. 8).
Consistent with the shallow slopes in the northern region of the Sargasso Sea during
March 1998 (Fig. 4D), was the least negative in the Sargasso Sea during winter (Feb. 1997;
Fig. 9A,B). Relative to the Sargasso Sea, in the Gulf Stream (Fig. 9C) was slightly more
negative, and was not clearly different than the coastal regions (Fig. 9D,E); the same rank-order
of 3 that was found during March 1998 (Fig. 4D). As found during June 1996 (Fig. 8), deeper
samples all had slopes at least as negative as their surface counterparts (Fig. 9).
There were significant changes in 3 across regions of the March 1998 transect (Fig. 4D).
The rank-order of the B3 values suggests that overall there is no relationship between and
nutrient concentration. This was especially apparent in the case of the southern Sargasso Sea and
the Gulf Stream (Fig. 4D): the latter had much higher nutrient concentrations, yet had steeper
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slopes than the former. Formalizing this observation, we found no correlation between the and
either N+N or SRP (Fig. 10A,B) for surface samples. Note that only points for the March 1998
transect are shown in Fig. 10, however, all of the relationships were maintained after the
inclusion of data points from surface samples for the other two cruises. Nevertheless, we did
find isolated correlation between P and nutrients, such as in the vicinity of BATS (Fig. 4D)
where slopes became less negative as nutrients increased. It is generally believed that large cells,
especially diatoms, predominate in nutrient rich conditions (e.g., Chisholm 1992; Kiorboe 1993),
which would give rise to less negative P values with increasing nutrients. Our composite data set,
however, does not support a shift in the size distribution associated with increasing nutrients
(Fig. 10A,B). This is in agreement with Gin et al.(in press) who found little change in slope
between periods of deep mixing (high-nutrient) and stratification (low-nutrient) at BATS. It is
likely that the large cells, which supposedly respond to higher nutrients, were simply outside of
the upper limit of our analyses (diameter of about 5 gm), and would, therefore, not impact our
measurement of . Ruiz et al. (1996) found trends of increasingly negative slopes in more
productive waters and attributed this to a larger proportion of biomass in small cells. Ruiz et al.
had a complicating factor, however, because more productive waters often were found at depth.
Using filter-fractionated chlorophyll measurements, Raimbault et al.(1988) showed that with
increasing total Chl a, the relative amount of Chl a in larger size classes increased. Using Chl a
as a proxy for cell biovolume, one would expect that as Chl a increased, the slope of spectra
would become less negative. Our data did not support this idea because there was no correlation
between and total Chl a for the surface samples (Fig. 10C).
A consistent, albeit sometimes weak trend of increasingly negative 13 values with depth
has emerged from the depth comparisons from the 1996 and 1997 cruises (Figs. 8 and 9). This
trend is supported by more complete depth profiles for three stratified (Fig. 1 lA,C,D) water
columns and one which was deeply mixed (Fig. 1 IB). By comparing the slope variations with
depth profiles of N+N and SRP, it is clear that in many cases changes in 13 occurred
independently from changes in nutrients. The literature on the subject of spectra slopes as a
function of depth is not coherent, as was discussed by Ruiz et al. (1996). Rodriguez and Mullin
(1986) found less negative slopes with depth in the Pacific, which is consistent with Revelante
and Gilmartin's (1995) observation of an increased contribution of large cells to total biomass at
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subsurface maxima in the Adriatic Sea. Quiflones-Bergeret (1992) found no change in slopes
with depth in the Sargasso Sea, nor did Delgado et al.(1992) in the Mediterranean. Gin et a.(in
press), however, found increasingly negative slopes with increasing depth at BATS, both during
periods of deep mixing and during stratification, which agrees with the findings of this study and
of Ruiz et al.(1996) for the Mediterranean. In marine environments where Prochlorococcus is
abundant, it is logical that the slopes should become more negative with depth, because
Prochlorococcus it is often found to have maxima at depth (e.g., Olson et al. 1990). Such
maxima are consistent with the ability of lab cultures of Prochlorococcus to grow at very low
light levels (Moore et al. 1995; Moore et al. 1998; Moore and Chisholm 1999).
Size spectra within a region-We found that 1i values within a region for the March 1998
transect were similar and, in most cases, different than those from other regions (Fig. 4D), and
the spectral shapes were also similar within a given region (Fig. 5). In order to understand how
well conserved spectra were for a given region of the transect, we took ensemble averages of the
individual spectra for each region (Fig. 7B-E). In a spectrum of the ensemble average,
variability between spectra would manifest as large vertical error bars, which are small in all
cases (Fig. 7B-E). The ensemble average of the 17 spectra from the southern region of the
transect demonstrated that all of these spectra were very similar (Fig. 7B), and that they shared a
common departure from linearity centered at a volume of 0.4 gm3 (diameter of 0.9 tm). The
ensemble average representing the northern portion of the Sargasso Sea (Fig. 7C) was much
more linear, indicating a constant rate of decrease in cell number with increasing cell size.
Equally consistent spectra were found for the Gulf Stream (Fig.7D) and coastal (Fig. 7E)
portions of the transect.
An important finding from these ensemble averages (Fig. 7B-E) is that size spectra from
a given region were conserved. Many individual spectra from a given region collapsed into a
single spectrum with small vertical error bars, indicating very little variation between spectra.
This has important implications for the use of flow cytometry in characterizing the size spectra
of distinct regions of the ocean, as labor is reduced if minimal replication is required.
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Spectral shape---Throughout the samples examined, several prominent spectral shapes
were seen. These ranged from smooth linear functions (Fig. 7C,D) to spectra with several
different deviations from linearity (e.g., Fig. 7E). In between, was a spectral shape characterized
by a deviation from linearity located at the overlap between Synechococcus and the ultra- and
nanoplankton (e.g., Fig. 7B). The deviations from linearity in coastal waters seen over the
various cruises agree with the observations of others (Sheldon et al. 1972; Witek and
Krajewskasoltys 1989; Rodriguez et al. 1987). These spectra can be considered to represent non-
steady state systems, perhaps undergoing a species succession. In some cases this shape, with
multiple deviations from linearity, was seen in open ocean samples, which would suggest that
these systems were also far removed from a steady state.
Visual inspection of the individual spectra from the March 1998 transect (Fig. 5)
indicates that the spectra from a given region have similar shapes. There is some small variation
among spectral shapes from the northern Sargasso Sea, which may reflect the winter storm
encountered in that region. By comparing the spectra (Fig. 7B-E) with the raw data used in their
construction (Fig. 7F-I), their shapes can be readily explained. The nearly flat region of the
Prob(V > v) spectrum for the southern Sargasso Sea (Fig. 7B) coincided with a lack of overlap
between Synechococcus populations and the ultra- and nanoplankton (arrow in Fig. 7F). Such
overlap of these populations was clearly evident in the northern Sargasso Sea (Fig. 7G) and the
Gulf Stream (Fig. 7H). The individual components of the plankton community contrasted
sharply between the northern Sargasso Sea and the Gulf Stream. This demonstrates that more
than a single combination of plankton groups can yield a uniform spectrum. A small-sized, yet
numerous sub-population within the ultra- and nanoplankton appeared in spring bloom waters of
the Sargasso Sea (arrow in Fig. 7G), which in large part closed the 'gap' between Synechococcus
and the ultra- and nanoplankton. In the Gulf Stream, however, both the Synechococcus and the
ultra- and nanoplankton groups were distributed over wider ranges in volume, thereby
eliminating this gap and resulting in a smooth decrease in Prob(V > v) as cell volume increased
(Fig. 7D).
Spectra from the June 1996 transect (Fig. 8) had shapes similar to some of those from the
March 1998 transect (Fig. 7B-E), however, these shapes were not well distinguished among
149
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Figure 10:
Relationships between slope of the Prob(V > v) plots () and (A) Nitrate + nitrite (N+N),
(B) Soluble reactive phosphorus (SRP), and (C) Total chlorophyll a (Chl a). Data are
from March 1998 transect, with the four regions shown by different symbols (refer to
Fig. 4).
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Depth profiles for four stations in the Sargasso Sea. (A-D, upper) Depth profiles of
nutrients and chlorophyll. (A-D, lower) Depth profiles of size spectra from (see Fig.
1) (A) 26°N station during March 1998, (B) Bermuda Atlantic Time-series Study
(BATS) site during March 1998, (C) southern station in Sargasso Sea during June
1996 (Fig. 8A), and (D) northern Sargasso Sea station during June 1996 (Fig. 8C).
Axes on the spectra plots, Prob (V > v) and volume, are scaled the same for all panels
and slopes of the regression lines () are shown. Confidence intervals on the
estimation of cell size are shown by horizontal lines for each point. In all cases, a 1-
to- 1 dotted line ( = -1) is included which begins at the volume of the smallest cell
measured. Spectra for a given depth profile have been offset vertically so that they
are easily compared. The offset is equivalent to three orders of magnitude between
each successive depth.
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different regions of the transect. None of the spectra shared the smooth linear shape of the ones
from the northern Sargasso Sea and the Gulf Stream in March 1998 (Fig. 7C,D). However, the
spectrum at the Dcm for the coastal station at the transition between the continental slope and
shelf (Fig. 8F) was fairly linear. Otherwise, spectra from the Sargasso Sea and the Gulf Stream
resembled the spectra from ti, Ithern portion of the March 1998 cruise (Fig. 7B), although the
deviations from linearity were in some cases more subtle or occurred at multiple points on the
spectra yielding a wavy shape. While a few of the coastal stations resembled these spectra (Fig.
7 E,F surface) others had more pronounced waviness (Fig. 8G) characteristic of the coastal
stations during March 1998 (Fig. 7E).
Spectra shapes for the Sargasso Sea and the Gulf Stream during February 1997 (Fig. 9A-
C) are reminiscent of those from the northern Sargasso Sea and the Gulf Stream during March
1993 (Fig. 7C,D). The continental slope station's spectrum (Fig. 9D) was also relatively smooth,
but the shelf station's deviated from a smooth linear shape-especially for the deeper sample.
It is apparent from the literature that deviations from a uniform spectral shape occur in
high latitude and coastal marine waters (Sheldon et al. 1972; Witek and Krajewskasoltys 1989),
as compared to the relatively uniform shapes seen in the central gyres (Sheldon et al. 1972;
Rodriguez and Mullin 1986). Theoretical models of size spectra (Kerr 1974; Platt and Denman
1977; Sheldon et al. 1977) have assumed steady-state conditions for linear spectra. Deviations
from a regression line through size spectra data has been equated with deviations from steady-
state conditions (Sprules and Munawar 1986; Tittel et al. 1998). Specifically, Tittel et aL.(1998)
found a relationship between the scatter around the regression line and the biomass of the
zooplankter Daphnia, suggesting that grazing activity disrupted the smooth shape of their
spectra. Following this interpretation, we would infer that the southern waters of the Sargasso
Sea (Fig. 5D) were further from steady-state conditions than were the northern waters (Fig. 5F).
Intuition might suggest just the opposite because one would expect spring bloom waters to be in
a greater state of flux than the nutrient deplete southern waters, a point to which we will return.
The characteristic shape with the deviation in small size classes (Fig. 7B) is particularly
interesting because this pattern is consistent with the concept of preferential grazing. This
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flattening of the spectrum in a size range <1 gm in diameter results when few cells are counted
over a small range of sizes. Sherr et al. (1992) found that phagotrophic protists selectively
grazed larger bacterioplankton in estuarine enclosure experiments, and others have found size-
selective grazing of larger bacterial cells in culture studies (Turley et al. 1986; Andersson et al.
1986). Monger and Landry (1990) provided a conceptual model which suggested that smaller
bacteria would be less intensively grazed, and they later supported their model with experimental
data (Monger and Landry 1991). Sherr et al.( 1992) rationalized that such size-seJective grazing
could explain low standing stocks of bacteria in marine environments because grazers might
selectively target dividing cells thereby limiting the accumulation of bacterial cells Preferential
grazing could certainly explain the apparent decline in standing stock over a narrow range of cell
sizes as we found for some samples (e.g., Fig 7B).
In order for preferential grazing to explain this pattern, it is necessary to rule out other
possible explanations. Our methods do not include heterotrophic protists less than 5 pm in size.
While we cannot prove directly that the reduced cell numbers in the flat region of the Prob(V >
v) plot (Fig. 7B) occurred because we missed protists. indirectly we can show that this is
unlikely. Caron et aL(1999) found that grazing pressure was eliminated by passing seawater
through a -pm pore size filter near BATS. Of course, grazers may have been damaged through
filtration, but Caron et al. provide convincing evidence that this was not the case because grazing
pressure was normal in seawater which had passed through a 2-pm pore size filter.
In addition, Sheldon et al.(1977) contrasted spectra from two regions of the Sargasso Sea
using a Coulter Counter, which would have included all particles. These regions were similar
spatially and temporally to those represented by the southern and northern regions of the
Sargasso Sea during the March 1998 transect (Fig. 7B,C), and their spectra would presumably
have included all particles. Replotting their data as Prob(V > v) plots suggests that they found
shapes consistent with ours for these regions (see Appendix D). Thus, we are confident that this
characteristic shape is real, and conclude that preferential grazing is the most likely cause.
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SIZE SPECTRA FOLLOWING NUTRIENT ENRICHMENT
From our observations thus far, we hypothesize that smooth, linear microbial spectra in
the form of a power law, occur only during extended periods of high nutrients, perhaps with low
grazing pressure. While we might expect surface waters of the oligotrophic ocean to
approximate a steady-state, resulting in the smooth spectra, deviations of these spectra from a
power law do occur (Fig. 7B). We reason that preferential grazing best explains these
deviations, and we expect that such grazing effects would be reduced during a phytoplankton
bloom
An idealized nutrient enrichment experiment would simulate the high nutrient conditions
characteristic of those during a spring bloom However, starting points for enrichment studies
are typically waters in which the phytoplankton are accustomed to very low nutrient
concentrations, and grazing rates closely balance growth rates (Landry et al. 1997; Caron et al.
1999), unlike the conditions during the spring bloom. Observations from the IronEx II study
(Coale et al. 1996; Cavender-Bares et al. 1999) have shown that changes in the abundance of
populations occur on time scales of several days following enrichment. Rodriguez and Mullin
(1987) saw community structure changes also on time scales of days during a natural injection of
nutrients into coastal waters of the Mediterranean, and they argued that dynamics between size
classes led to the oscillations observed in the spectra over time. From this we would infer that
during a transient enrichment with nutrients, such as IronEx II, size spectra would tend toward a
shape which would be decidedly non-uniform. We expect that species succession during such an
experiment would be evident as multiple departures from a power law in the size spectrum, as
was seen in coastal waters (Fig. 7E). As we show below, enrichment experiments in the
Sargasso Sea and the equatorial Pacific meet this expectation.
Sargasso Sea enrichment experiment-An enrichment study was conducted at the
southern-most station of the June 1996 transect (Figs. 1 and 8A). Water was collected from 20
m and dispensed into triplicate bottles for both control and treatments; 80 pM NO3 and 5 pM
P04 were added to treated bottles. Initial nutrient concentrations were well below 10 nM for
both N+N and SRP (Fig. 7A). Chl a increases of more than 30-fold in bottles with added N and
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P (Fig. 12A), were driven by a dramatic bloom of Synechococcus and a lesser-but significant-
bloom of ultra- and nanoplankton (Fig. 12B). Bacteria doubled in abundance over the course of
the incubation (Fig. 12B). Prochlorococcus were undetectable in situ at 20 m, consistent with the
observations of Olson et al. (1990): Prochlorococcus are of low abundance in this region during
summer, and they remained undetectable at the end of the experiment. The spectra shown
represent ensemble averages ( range) for triplicate bottles, except for the day 0 sample.
Spectra over the course of the experiment showed that with time-and presumably
exhaustion of nutrients-the slope in the control bottles became more negative (Fig. 12C). This
is a result of slight increases in the concentration of the two smallest groups: bacteria and
Synechococcus. In clear contrast, the slope of the spectra from the enriched bottles became less
negative with time, reflecting the bloom of Synechococcus and the ultra- and nanoplankton (Fig.
12D). When the spectra for the control and enriched bottles are plotted together for day 5 (Fig.
12E), clear differences are apparent. Slopes differed by 0.2 units, indicating that relatively more
of the total biovolume was contained within cells of large size in the bottles amended with N and
P.
The shapes of the spectra can also be used to describe the relative changes between
treatment and control. The Synechococcus cells which bloomed also got larger. This can be
seen by the plateau centered at about 10-l mn3 (i.e., Synechococcus moved out of those size
classes resulting in a size gap which apparently was not filled by other groups). The huge
numbers of Synechococcus translated into a rapidly declining probability of exceedence curve
(steeper slope) which was seen between the plateau and slightly beyond 1 m3. The bloom of
the ultra- and nanoplankton resulted in a similar feature between 1 and 10 pm3. As expected, the
shape of the spectra from this enrichment resembled those of coastal waters (Fig. 7E) which are
probably in a state of disequilibrium, more than the nutrient rich waters of a spring bloom (Fig.
7C).
IronEx II study in the equatorial Pacific-In an iron-enrichment experiment conducted in
situ in the equatorial Pacific Ocean (IronEx II; Coale et al. 1996), we showed that phytoplankton
in all size classes responded on a single-cell level soon after enrichment (Cavender-Bares et al.
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Figure 13:
Size spectra from the IronEx II study in the equatorial Pacific Ocean during
May/June 1995. (A) Map of the general area. The dotted line on the map indicates
the cruise track, with the stations of interest shown by filled circles. The location
of the GalApagos Islands are shown for reference, and arrows denote stations for
days I and 8. (B) Changes in total chlorophyll a (Chl a) with time outside and
inside the iron-enriched patch. (C,D) Two spectra are shown for each day
representing stations outside (C) and inside (D) iron-enriched waters, except for
day 6 on which only an inside station was occupied. Axes on the spectra plots, Prob
(V > v) and volume, are scaled the same for all panels and slopes of the regression
lines () are shown. Confidence intervals on the estimation of cell size are shown
by horizontal lines for each point. In all cases, a -to- dotted line (1 = -1) is
included which begins at the volume of the smallest cell measured. Spectra for a
given day have been offset vertically so that they are easily compared. The offset is
equivalent to three orders of magnitude between each successive days.
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1999). Nevertheless, dramatic changes in phytoplankton abundance did not occur until about
day 4 when pennate diatoms had increased substantially in concentration; their numbers dropped
off somewhat by day 8. This response is summarized by the greater than 10-fold increase in Chl
a over the first six days of the experiment (Fig. 13B)
Values of differed little for samples taken from outside or inside fertilized waters over
the course of the experiment (Fig. 13C,D). A trend in slopes, with them becoming less negative
inside enriched waters (Fig. 13D), was disrupted on day 3. An extra population on bacteria in
fertilized waters, equal in size and abundance to Prochlorococcus, were present on this day,
causing p to become more negative. The shape of all the spectra, in- and outside enriched
waters, were distinctly non-linear and did not conform to the shape characteristic of a power law.
The bloom of pennate diatoms can be seen in the shape of spectra on days 6 and 8 (Fig. 13D),
although the deviations from linearity caused by enrichment are less pronounced than in the
Sargasso Sea bottle experiment (Fig. 12). This may be due to a more active, and fully
represented, grazing community being present in the IronEx study in comparison to the bottle
incubations.
Conclusions
Size spectra were shown to follow consistent patterns seasonally and spatially across
several regions of the Atlantic Ocean. Changes in slope of the spectra were statistically different
between an oligotrophic region of the Sargasso Sea, spring bloom waters to the north, and the
Gulf Stream during a transect in March 1998. Slopes were found to have the same relative
ranking for these regions for all three transects, which spanned several seasons. We observed
spectral shapes which conformed to power laws over nearly four orders of magnitude in cell
volume. We hypothesize that these spectra are constrained to high nutrient systems in which
phytoplankton grow with, perhaps, fewer controls imposed by grazers, such as would occur
during a phytoplankton bloom. We have shown also that transient enrichment experiments,
either in bottles or in situ, do not produce spectra resembling those from a spring bloom. We
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attribute this to the fact that changes in microbial abundance occur on the same time scales as the
experiments.
As methods are refined and sampling schemes are broadened, we may be able to
understand fully if size spectra display behavior which is fractal. Such a spectrum would
conform to a power law, regardless of the size range of study. Does this mean that a spectrum
which deviates from a power law is not fractal? Because fractal systems display critical
behavior, it is possible that deviations from a power law represent a fractal system undergoing
self-organization. In such a system, the least stable component can trigger a reaction of any size,
that is communicated across the size spectrum. Elucidating such behavior in planktonic size
spectra, we believe, should be studied as intensely over the next thirty years as was the linear
biomass hypothesis of Sheldon et al. (1972) over the past thirty years.
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FUTURE DIRECTMONS
Size spectra of marine microorganisms were compared spatially and seasonally over a
variety of ecosystems in this thesis. Interest in size spectra has persisted over the last thirty years
for several reasons. Spectra provide a synoptic. taxon-independent picture of planktonic
communities. Thus, instead of comparing the abundance of an array of groups of different size
within the plankton, spectra offer a means for simple comparisons between samples. They also
hold promise as a means for predicting biomass in one size class given the biomass in one or
more other size classes (Sheldon et al. 1977; Platt and Denman 1977). The analysis of spectra in
this thesis has focused on how well their shapes conform to power laws (e.g., Y o XO).
Ultimately, it would be of great value if the size distributions of plankton-and larger
organisms--could be shown to have critical, or scale-free behavior (e.g., Mandelbrot 1983).
This would mean that regardless of the range of sizes measured, the size spectrum for a given
region would be a function described by a single power law. If so, such a size spectrum could be
considered to be fractal. Not only would such a finding facilitate prediction of biomass in one
size class from that in another, but it would then be prudent to explore whether the communities
represented by the spectra exhibit properties, such as self-organization (Bak 1996), common to
other systems which exhibit critical behavior. Such findings would advance our ability to model
planktonic communities and would be play a large role in future biogeochemical models of the
world ocean. For these reasons, future work should focus on exploring the behavior of size
spectra to ascertain if, in fact, they display critical behavior. Specific areas of study might
include representing all planktonic organisms over a given size range by flow cytometry,
expanding the size range studied-both smaller and larger-and improving current methods for
characterizing individual plankton.
This thesis builds from the work of Gin (1996) by using a more-refined calibration of
forward angle light scatter (FALS) to volume and an improved method for presenting size
spectra (Vidondo et al. 1997). Nevertheless, there is still room for improvement in the
application of flow cytometry to the collection of size-structured data
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Even though flow cytometry can be used to enumerate bacteria, which are of similar size
as the picophytoplankton, other heterotrophs (e.g., microzooplankton) cannot yet be
characterized. It may be possible to expand analyses to include these organisms, although it will
require overcoming several obstacles. The first concerns the fragility of small protists. It has
been found that extremely gentle techniques are necessary in order to protect these micrograzers
from damage during conventional sampling from Niskin or Go-Flo bottles (e.g., Landry and
Hassett 1982; Landry et al. 1995). Therefore, it would be necessary to integrate gentle sampling
methods; sampling from a ship's flow-thru seawater system, for example, would probably be
found to misrepresent these fragile cells. (Of course, little has been done to verify that similarly
fragile phytoplankton escape damage during our sampling methods, making this another topic
worthy of future investigation.) Second, staining protocols will need to be developed such that
they can be used at sea, because the fragile zooplankton will likely be damaged during
preservation protocols. Hence, it would be ideal if staining protocols required only single-
wavelength excitation to enable the simplest flow cytometers to be used at sea. Third, if FALS is
used to estimate cell size, a calibration specific to these heterotrophic cells would be necessary.
It would be of considerable value to repeat at sea the protocol used in Chapter 3, which
combined sorting by flow cytometry with sizing by a Coulter Counter. In so doing, the potential
for preservation effects, which were accounted for in Chapter 3, would be eliminated. A
systematic series of measurements on several cruises might establish a more robust relationship
between FALS and cell volume over a wider size range. Such an improved calibration would
permit stronger conclusions to be drawn about differences, or similarities, in spectra.
The analyses used in this thesis included bacterioplankton and phytoplankton ranging
from Prochlorococcus (-0.7 .m in diameter) to nanoplankton in the size range of 5-10 pm In
order to extend the size range of these analyses given the low abundance of larger cells, sampling
schemes would have to be expanded to permit the processing of much larger sample volumes.
Once larger cells can be sampled adequately, further work will be necessary to estimate their
size. With increasing size, the relationship between FALS and volume is less sensitive to
changes in cell volume. That is, a small change in FALS corresponds to a large change in
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volume (see Fig. 5, Chapter 3). Therefore, it would be worth pursuing alternative methods to
size these larger cells.
Cne avenue that, to my knowledge, has not been pursued in oceanography, is pulse
length as a way to measure particle size. Some twenty years ago, Eisert and co-workers explored
using flow cytometers with multiple beanms to make accurate measurements of cell size (Eisert et
al. 1975; Eisert 1979; Eisert and Dennenloehr 1981; Eisert 1981). They suggested that
measurements "well below" 2 gm were possible, however, there would likely be limitations at
sizes approaching the wavelength of the laser beam, because it is difficult to focus a laser to a
point having dimensions similar to the laser's wavelength. However, this should not prevent
further consideration of this method, because our calibration work (Chapter 3) suggests that the
correlation between FALS and volume for the smaller cells is strong; it is the larger cells for
which the method of Eisert and co-workers' would be useful.
In addition, this protocol could readily be applied to other aspects of phytoplankton
ecology. For example, cells could be sorted from field samples on the basis of their cellular
fluorescence, rather than their FALS, and then the chlorophyll in these cells could be measured.
This could help our understanding between pigment fluorescence and content. Alternatively,
single cells could be sorted and examined by electron microscopy. I began work in this direction
in case the calibration in Chapter 3 did not materialize. Specifically, I was interested in
measuring the cellular carbon content using X-ray microanalysis (Norland et al. 1995) and
relating it to FALS. I believe this method is very promising and could be applied to other
elements besides carbon.
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Appendix A
Application of the magnesium-induced co-precipitation (MAGIC) method for the analysis of
phosphate in the western Sargasso Sea
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A modification (Bulldis-Thomson and Karl 1998) of the standard magnesium-induced co-
precipitation (MAGIC) method (Karl and Tien 1992) was used. The following is a description of
the protocol used:
1) to increase sensitivity above the normal modified-MAGIC (about 5-fold), I repeated the
procedure for either 3 or 5 replicate sample tubes and at the very end combined the solution
just before reading on the spectrophotometer. I recommend doing it this way even though it
means carrying more tubes through the whole process as I was convinced that the addition of
the reducing agent and/or molybdate mix helped to dissolve the pellet. (i.e., the combination
of tubes prior to this step yielded messy results).
2) 50 ml of sample pipetted into 50-ml orange-cap centrifuge tubes (polypropylene)
3) to induce precipitation, 150 microliters of N NaOH (Fluka Chemical) was added to each
tube
4) tubes were mixed by hand twice (by inverting) with a 5-minute space in between; after
another 5-min. they were centrifuged at 1000xg for 1-hr. (not sure all of this mixing and
waiting was necessary, but it worked well for me).
5) supernatant was vacuum aspirated; there is usually one way to rotate the tube so that the bulk
of the transparent pellet is facing up while aspirating, which will help prevent aspirating the
pellet.
6) 0.1 N HCI was added to the pellet and vortexed immediately. The quantity of HCI depended
on the number of tubes (50-ml) being combined (i.e., the level of concentration beyond the
normal modified-MAGIC). Note that I did not save any sample for As analyses, so right
from the beginning I was getting about twice the concentration effect as the normal modified-
MAGIC. This is what I used:
# of tubes to be combined volume of HCI added per tube
1 (normal) 4-ml
3 (150-ml total) 1.25-ml per tube
5 (250-ml total) 0.75-ml per tube
7) reducing and molybdate reagent mixes were added such that 15 minutes elapsed between
these additions; tubes were vortexed after each addition.
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8) I used the standard ratios of reagents for the two mixes, but used varying amounts of each
mix per tube, again depending on how many tubes I was going to combine. Here's what I
used:
# of tubes to be combined volume of each reagent mix added per tube
1 (normal) 0.75-ml
3 (150-ml total) 0.25-ml per tube
5 (250-ml total) 0.15-ml per tube
Reducing mix (keep ratios of volumes constant):
5.6 ml of 5N H2S0 4
2.4 ml of DI water
16 ml of Na-metabisulfite
16 ml Na-thiosulfate
Molybdate mix (keep ratios of volumes constant):
8 ml ammonium mo!ybdate
20 ml of 5 N H2S04
8 ml of ascorbic acid
4 ml antimony potassium tartarate
Reagents:
14% (w/w) Na-metabisulfite (2.24 g per 16 ml DI water)
Na-thiosulfate (4.43 g into 500 ml DI water)
ammonium molybdate (6 g into 200 ml DI water)
ascorbic acid (5.4 g into 100 ml DI water)
antimony potassium tartarate (0.3407 g into 250 ml DI water)
9) I waited a full 15 minutes before starting to combine the tubes together-I used disposable
transfer pipets (new ones for each sample set unless I was sure that the last sample was less
concentrated) to combine samples as pouring from tube to tube seemed to produce messy
results.
10) I used analytical grade KH2PO4 (Wako Chemicals) to make up standards
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Appendix B
Sorting verification for an EPICS V flow cytometer
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Figure B-1:
A series of samples were analyzed fresh (at sea) and after the standard preservation
technique (0.1% glutaraldehyde, frozen in liquid nitrogen, eventually moved to
-80°C). Samples were from three Oceanus cruises (OC 279, 297, and 318) and the
IronEx II cruise (Fexii). This comparison was conducted to shown that it was
reasonable to construct a calibration of forward angle light scatter (FALS) using
preserved (frozen) samples. In some cases the agreement between fresh and frozen
was very good, and in other cases, this agreement was not so good. In cases where
agreement was poor, an adjustment was applied to the calibration (see Chapter 3
and Appendix I).
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Figure B-2:
Verification of sorting capability of EPICS V flow cytometer using a
Prochlorococcus culture. In all panels, the dotted curve represents the un-sorted
sample as it was measured on the flow cytometer. The solid curve in each panel
represents the Prochlorococcus population that was sorted away from the
remainder of the population. The sort region is denoted by two vertical dotted lines
in panels B, C, and D. (A) the entire Prochlorococcus population was sorted. (B-
D) only a narrow region of forward angle light scatter (FALS) was sorted. It was
found that the mode FALS value for cells in the sort region agreed well with the
mean value of the population as measured after sorting.
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Figure B-3:
Verification of sorting capability of EPICS V flow cytometer using a preserved
sample from the IronEx II cruise. In all panels, the dotted curve represents the un-
sorted sample as it was measured on the flow cytometer. The solid curve in each
panel represents the portion of the ultraplankton population that was sorted away
from the remainder of the population. The sort region is denoted by two vertical
dotted lines in panels B, C, and D. (A) the entire ultraplankton population was
sorted. (B-D) only a narrow region of forward angle light scatter (FALS) was
sorted. It was found that the mode FALS value for cells in the sort region agreed
well with the mean value of the population as measured after sorting.
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Appendix C
Description of adjustment for calibration of forward angle light scatter (FALS) signals
191
Figure C- 1:
Comparison of the distribution of picoplankton before and after preservation.
Sample was from Oceanus cruise OC3 18. Upper panel for Prochlorococcus and
lower panel for Synechococcus. Fairly good overlap was seen for both populations
at higher values of forward angle light scatter (FALS). Note that small
Prochlorococcus cells were not detectable on the flow cytometer setup, thus, their
distribution from the frozen sample was truncated at low FALS values. For this
sample, no adjustment to the calibration was made (refer to Chapter 3). It is
possible that some adjustment would have been in order for Synechococcus,
although it was not a convincing case.
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Figure C-2:
Comparison of the distribution of ultra- and nanoplankton before and after
preservation. Sample was from Oceanus cruise OC297. Upper panel for
ultraplankton and lower panel for the nanoplankton. Good overlap was seen for the
ultraplankton for all values of forward angle light scatter (FALS). The
nanoplankton samples did not overlap well. An adjustment was made such that the
frozen distribution was moved to the right until it aligned with the curve from the
fresh sample. Clearly the fresh sample was bimodal and the frozen was unimodal.
This adds confusion to the adjustment process, however, study of the raw data in
the form of flow cytometric signatures convinced me that the adjustment should be
made.
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Appendix D
Sheldon ct al. ( 1997) revisited
Figures replotted from:
Sheldon. R. W., W. H. Sutcliffe Jr. and M. A. Paranjac 1977. Structure of pelagic food chain and
relationship between plankton and fish production. Journal of the Fisheries Research Board
Canada 34: 2344-2353.
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Figure D- 1:
Figure la from Sheldon et al. (1977). Upper panec is of the form they used; lower
panel is the probability of cxceedence method used in Chapter 6. The slope of the
regression line is indicated by P.
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Figure D-2:
Figure b from Sheldon et al. (1977). Upper panel is of the form they used; lower
panel is the probability of exceedence method used in Chapter 6. The slope of the
regression line is indicated by .
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Figure D-3:
Figure d from Sheldon et al. (1977). Upper panel is of the form they :sed; lower
panel is the probability of exceedence method used in Chapter 6. The slope of the
regression line is indicated by P.
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Figure D-4:
Figure eI from Sheldon et al. (1977). Upper panci is of the form they used; lower
panel is the probability of exceedence method used in Chapter 6. The slope of the
regression line is indicated by A.
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